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   Vegetation and climate both play integral roles in water availability, particularly for 
arid to semi-arid regions. Changes in these variables can lead to extreme shortages in 
water for regions that rely on water for crop irrigation (i.e., the Great Plains).  The 
objective of this study is to evaluate the impacts of vegetation on water availability in the 
Republican River basin in central Nebraska. Decreases in streamflow have been observed 
in the river basin for many years and, as a result, an invasive riparian plant species 
(Phragmites australis) is being removed in an effort to reduce evapotranspiration and 
reclaim surface water. Meteorological variables and energy balance data have been 
collected at a field site during the 2009 and 2010 growing seasons. Vegetation was 
sprayed with herbicide in July 2009, killing all P. australis in the wetland. Significant 
decreases in evapotranspiration were observed during the 2010 growing season due to the 
limited amount of transpiring vegetation in the wetland. Greenhouse growth experiments 
were also conducted with both invasive and native varieties of P. australis to determine 
basic plant physiological parameters. Nitrogen fertilizer was applied to half of the plants 
in each subset. Gas	  exchange	  	  (e.g.,	  photosynthesis,	  stomatal	  conductance,	  and	  
transpiration	  rates),	  and	  the	  efficiency	  of	  the	  water	  and	  nitrogen	  use,	  were	  assessed	  
under	  variable	  light,	  temperature	  and	  CO2	  concentrations.	  As well as providing 
specific vegetation parameters for modeling purposes, this study was interested in 
	  
	  
evaluating the differences in physiology and growth characteristics between the two 
varieties of P. australis present in Nebraska. Lastly, the plant physiological parameters 
were incorporated into Agro-IBIS, a dynamic vegetation model, and this model was 
evaluated using observed energy balance data from the wetland field site from 2009. 
Experiments were also performed for 2010 to assess the ability of the model to capture 
the response to vegetation removal. 
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Chapter 1 
 
 
General Introduction 
 
 Water scarcity has always been a concern for the Great Plains region, particularly 
in recent decades, and in many cases, has lead to interstate conflict over water rights.  
The Republican River basin has seen significant reductions in streamflow over the past 
30-40 years (Soylu et al., 2011), eventually causing Kansas to file a lawsuit against the 
state of Nebraska over a violation of the Republican River Compact of 1943. The 
compact divided the water in the Republican River basin among the three states of 
Colorado, Nebraska, and Kansas. The average annual streamflow for the basin was 
determined to be 478,900 acre-feet. This water supply was divided among the three 
states, with Colorado receiving 54,100 acre-feet, Nebraska receiving 234,000 acre-feet, 
and Kansas receiving 190,300 acre-feet. However, due to increasing groundwater 
extraction from irrigation wells, streamflow gradually decreased. Between 1960-2000, 
the number of irrigation wells in Nebraska increased from 4,000 to 18,000, while in 
Colorado and Kansas, the number of wells has remained at 4,000 since the mid-1970’s. 
Also, as of the year 2000, Nebraska has over three and five times the amount of irrigated 
acreage in the Republican River basin as Colorado and Kansas, respectively. The 
aforementioned lawsuit was filed in 1998, and by 2002 a new compact among the states 
had been formulated to better account for groundwater extraction within the basin (State 
of Kansas, 2002). However, litigation is still ongoing at this time to determine whether 
Nebraska should be required to shut down some of its irrigation wells to comply with the 
new compact (Salina Post, 2011).  
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 In response to the lawsuit by Kansas, as well as external pressures to shut off 
irrigation wells and the designation of invasive Phragmites australis as a noxious weed 
(that also transpires significant amounts of water in riparian zones), the state legislature 
of Nebraska began spraying the invasive species throughout much of the Republican and 
Platte river basins in 2007. P. australis is a tall grass that is present in both native and 
invasive forms. However, the invasive variety has much more virulent growth 
characteristics and was the only variety of P. australis deemed “noxious” by the state. 
This bill allotted $2 million annually to fund the removal of P. australis from the period 
2007 to 2009, with additional funding coming from state and federal grants from 2009 
onward (Legislative Bill 701). 
The goal of the present study is to assess whether or not P. australis removal is 
likely to have a significant impact on the amount of available surface water in the 
Republican River basin. Previous studies in Nebraska have examined the effects of P. 
australis on the energy and water balance (Lenters el al., 2011; Cutrell, 2010) and carbon 
balance (Walters, 2010), of a riparian wetland adjacent to the Republican River (near 
Arapahoe, Nebraska). Walters (2010) determined that P. australis sequesters much more 
carbon than native vegetation, suggesting that the removal of P. australis could have 
negative impacts on the carbon balance of riparian wetlands in Nebraska. Also, Cutrell 
(2010) determined that – on average – evapotranspiration (ET) rates for P. australis were 
28% higher than the native vegetation in the wetland during the 2009 growing season. P. 
australis has been known to obstruct waterways, increase sedimentation, and lower water 
levels through increased ET, especially in riparian corridors (Rooth et al. 2003).  
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For the purposes of this thesis, specifically, I will be examining the effect of the 
removal of P. australis (through the spraying of herbicide) on the energy and water 
balance of a riparian wetland along the Republican River in south-central Nebraska. One 
would expect that, immediately after the removal of P. australis, ET should drop 
considerably (assuming limited amounts of standing water and that no new vegetation 
grows back during the first year). However, the long-term effects of P. australis removal 
on ET will primarily be dependent on what type of land cover (i.e., vegetation, bare soil, 
standing water, etc.) replaces the P. australis (including whether P. australis is able to 
repopulate the area). 
Many previous studies have evaluated the impacts of invasive vegetation removal 
on the local and regional water balance. The removal of Juniperus ashei from the Texas 
rangelands resulted in a 17% reduction in ET during the year following removal (Dugas 
et al., 1998). Juniper removal in the Edwards Plateau in Texas was found to result in a 
60% increase in streamflow (Huang et al., 2006). The removal of mesquite from the 
Blackland prairie region resulted in a 78.4-mm reduction in annual ET (Richardson et al., 
1979). A three-year study was also conducted in west-central Texas to compare a treated 
mesquite plot versus an untreated mesquite plot. It was found that ET rates were between 
10-16% lower during three successive years after treatment (Saleh et al., 1998).  
In addition to the “water savings” aspect that will be evaluated as part of this 
study, I am also interested in assessing the impacts on the entire energy budget to 
determine how the removal of P. australis affects other energy balance components (i.e., 
in addition to ET). Lenters et al. (2011) and Cutrell (2010) examined the energy budget 
of the wetland during the 2009 growing season, when live P. australis was still present in 
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the wetland. These previous studies provide a good basis of comparison to evaluate the 
effects of P. australis removal on the energy and water balance of the wetland during the 
following year (2010).  
To determine the energy balance in the wetland, a Large Aperture Scintillometer 
(LAS) was used to directly measure sensible heat flux. Net radiometers measured net 
radiation, and temperature probes were used to calculate the rate of heat storage in the 
soil and water. Latent heat flux was then calculated as a residual in the energy balance 
equation and converted into a rate of evapotranspiration. Chapter 2 provides a 
comparison of the energy balance results between years with (2009) and without (2010) 
live vegetation. 
The latent heat flux data for 2009 were also used to evaluate and improve the 
performance of a dynamic vegetation model known as Agro-IBIS (discussed in Chapter 
4).  Physiological parameters for P. australis were determined (for both native and 
invasive varieties) from greenhouse growth experiments, using measurements obtained 
with an infra-red gas-exchange analyzer. The results (discussed in Chapter 3) provide an 
assessment of the specific physiological differences between the two varieties of P. 
australis, as well as why the invasive variety is so much more virulent than the native 
type. Finally, Chapter 5 provides a general summary of the conclusions from this thesis.  
 
Chapter 2 
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Energy and Water Balance Response to the Removal of 
Phragmites Australis 
 
2.1 Introduction 
Water is one of the most essential resources on the planet. Between a growing 
worldwide population and uncertainties due to climate change, available water resources 
may continue to become increasingly scarce (Vorosmarty et al., 2000).  Understanding 
these stresses is crucial to future water use strategies and regulations. Water balance 
studies aid in our understanding of how changing climate and consumptive practices may 
affect our future water supplies. Groundwater pumping is common in water-limited 
regions that need to sustain viable agricultural production. In the Great Plains region of 
the central United States, large-scale agriculture is supported through pumping of 
groundwater from the Ogallala aquifer. This pumping has led to aquifer, lake level, and 
streamflow declines in parts of Texas, Oklahoma, Kansas, and southern Nebraska 
(Peterson et al., 2003). 
The Republican River basin – which occupies portions of Colorado, Nebraska, 
and Kansas – has long experienced significant variations in streamflow. The region was 
hit particularly hard by the Dust Bowl during the 1930’s, followed by a massive flood in 
1935. As a result of the hardships faced by residents who relied on the watershed for their 
livelihoods, a compact was formed in 1943. The Republican River Compact essentially 
allotted a specific percentage of the water in the Republican River basin among the three 
states.  However, after World War II, the use of center-pivot irrigation increased 
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dramatically, especially in Nebraska, and thousands of new irrigation wells were installed 
within the Republican River basin.  
Nebraska has faced legal difficulties complying with the aforementioned compact 
due to declining streamflow in the Republican River in recent decades. Previous studies 
have shown that the drop in streamflow cannot be explained by natural causes, such as 
trends in precipitation and temperature (Szilagyi, 1999; Wen and Chen, 2006).  This 
leaves alternative explanations related to human activity, such as poor water conservation 
practices, increases in crop irrigation, construction of reservoirs, and changes in 
vegetation cover. It has been shown, for example, that there is a strong correlation 
between the number of irrigation wells and annual streamflow in the Republican River 
basin (Wen and Chen, 2006).  
The Nebraska state legislature passed Legislative Bill 701 in 2007 that deemed 
Phragmites australis to be a “noxious weed” and began a herbicide spraying program to 
kill the invasive species along the Platte and Republican Rivers. There were three main 
goals for this action: 1) to reduce the amount of water consumed by transpiring riparian 
vegetation along the waterways, 2) to eliminate invasive species in order to restore the 
natural habitat and vegetation to the region, and 3) to remove vegetation from stream 
channels in order to improve stream habitat for birds and other wildlife (Legislative Bill 
701). P. australis (common reed), however, was not the only invasive species targeted in 
this bill, as Tamarix (salt cedar) and Elaeagnus angustifolia (Russian olive) were also 
deemed “noxious” by the state of Nebraska.  
The primary focus of the current study is to understand the effects of P. australis 
removal on the energy and water balance of a riparian wetland in the Republican River 
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basin. This work builds on results from a previous study (Lenters et al., 2011; Cutrell, 
2010), which examined the same field site during the 2009 growing season (when live P. 
australis was present in the wetland). These earlier results are compared with new energy 
and water balance data from 2010, during which time no live P. australis was present 
(due to herbicide spraying that had taken place the previous year). The main objective of 
this analysis, therefore, is to determine whether or not the removal of P. australis had a 
significant impact on latent heat flux (i.e., evapotranspiration) within the wetland, as well 
as other components of the energy and water balance. Descriptions of the field site, 
instrumentation, methodology, and quality assurance techniques are discussed in the 
following sections. The energy budget results and comparisons between the 2009 and 
2010 seasons are presented in section 2.6, followed by discussion and conclusions in 
section 2.7. 
 
 
 
2.2 Site Description 
The wetland study site is located in a predominantly agricultural watershed 
approximately 6 kilometers west of Arapahoe, Nebraska (Figure 1), 600 meters north of 
the main stem of the Republican River, and at an elevation of 640 meters above sea level. 
The wetland is relatively long and narrow – approximately 1000 meters in length and 
ranging in width from 5 meters near the western end to 60 meters in the central and 
eastern portions. An exposed spring is located in the western end of the wetland that 
provides a minimal amount of surface flow. Otherwise most of the water in the wetland 
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enters and leaves via groundwater seepage. The wetland is surrounded by farmland, 
where extensive irrigation occurs throughout much of the growing season. During the 
2009 season, the wetland was covered with 52% invasive P. australis (common reed), 
31% native Typha latifolia (cattail), 8% native Juncus effuses (common rush), and 9% 
open water (Figure 2). After spraying the P. australis with herbicide (on July 22, 2009), 
no live vegetation was observed to grow back in that portion of the wetland during the 
2010 growing season. Thus, the P. australis section of the wetland in 2010 was 
essentially dominated by standing dead vegetation from the previous year, as well as 
regions of open water (similar in extent to 2009, but more exposed to incoming radiation 
due to the reduction in live vegetation).  
 
2.3 Instrumentation 
Two meteorological towers were deployed in the wetland during 2009 and 2010. 
One tower is located near the center of the P. australis portion of the wetland and 
measures numerous meteorological parameters, including net radiation. The tower stands 
6.3 meters tall and is located 40 meters away from the southern edge and 20 meters from 
the northern edge of the wetland, respectively. The instrumentation on the tower consists 
of a Campbell Scientific CR3000 datalogger, tipping bucket rain gauge (Texas Electronic 
TE525MM), propeller anemometer (R.M. Young 05106 marine version), barometric 
pressure sensor (Setra 278), pyranometer (Kipp & Zonen CMP3), net radiometer (Kipp & 
Zonen CNR2), precision infrared temperature sensor (Apogee IRR-P; pointed down 
towards the wetland surface), a non-aspirated (but shaded) temperature/relative humidity 
sensor within the vegetation canopy (Vaisala HMP45C), and two ventilated 
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temperature/relative humidity probes, which are located immediately above the canopy 
and separated vertically by 1.8 m (R.M. Young 41372VC with NIST temperature 
calibration to 0.01°C). A digital camera (Campbell Scientific CC640) was also installed 
to monitor plant growth and weather conditions. Listed in Table 1 are the heights and 
maximum uncertainties for each instrument. 
Leaf area index (LAI) measurements were periodically obtained for both the P. 
australis and T. latifolia sections of the wetland during the 2009 and 2010 growing 
seasons (using an LAI-2000; LI-COR Biosciences).  Water level measurements were 
made using two different instruments – a Level TROLL 300 transducer (In-Situ, Inc.; 15-
minute sampling interval) and an SR50A sonic ranging sensor (Campbell Scientific; 10-
minute sampling interval). To obtain ground heat storage measurements, HOBO 
temperature sensors (U23 Pro v2 2x; Onset Computer Corporation) were installed on 
stakes and driven into the ground near each of the two meteorological stations. The 
sensors were deployed at six different heights (three in the water column and three in the 
soil), with data being recorded at 20-minute intervals. Water temperature was measured 
at +15 cm above the soil/water interface, +45 cm, and directly at the water surface (using 
a floating sensor). Soil temperature was measured at -15 cm below the soil/water 
interface, -45 cm, and -75 cm. The temperature measurements were then integrated 
vertically through the soil/water column to determine the total heat storage. Deep soil 
heat flux was also calculated based on the temperature gradient between the lowest two 
sensors. A KD2 Pro (Decagon Devices, Inc.) was used to measure the thermal 
conductivity and specific heat of the soil at various locations throughout the wetland.  
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 To measure sensible heat fluxes, a Kipp & Zonen Large Aperture Scintillometer 
(LAS) was installed in the wetland. The LAS consists of a transmitter and receiver 
separated horizontally by 251 m and mounted on steel towers or tripods at heights of 
approximately 4.8 and 4.2 meters above the ground (i.e., the soil/water interface). The 
receiver was deployed along the south bank of the wetland and aligned directly with the 
transmitter, which was positioned to the northwest (and within the P. australis portion of 
the wetland). The P. australis meteorological station was located near the midpoint of the 
LAS transect. Fluctuations in beam intensity were measured by the LAS receiver, 
recorded at 1-second intervals using a Campbell Scientific CR1000 datalogger, and then 
averaged to 10-minute values. Software known as “EVATION” (from 
“EVApoTranspiratION”; Kipp & Zonen) was used to calculate sensible heat fluxes based 
on the 10-minute LAS data, as well as the meteorological and soil/water temperature 
observations (i.e. upper and lower air temperature, relative humidity, barometric pressure, 
wind speed, heat storage rate, and net radiation). For calculating a relatively robust heat 
storage rate at 10-minute intervals, occasional anomalous soil/water temperature values 
were first removed from the raw, 20-minute datasets. Then the data were smoothed to 
hourly (i.e., 3-sample) running means and interpolated to 10-minute values. (Although 
heat storage rates at 10-minute intervals were required for EVATION to calculate 
sensible heat fluxes, much longer averaging periods were used in the final analysis to 
significantly reduce the associated uncertainty that is inherent in short-term fluctuations.) 
 
2.4 Methodology 
2.4.1 Surface Energy Budget 
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Evapotranspiration is not only a part of the water balance, but is also a part of the 
energy balance, as latent heat flux. The basic surface energy balance can be written as  
   Rn + LE + H = ΔS,     (1) 
where Rn is net radiation, LE is latent heat flux, H is sensible heat flux, and ΔS is the 
total rate of heat storage in the “ground”, which in a wetland, consists of the vegetation 
canopy, surface water, and the soil. In Equation 1, the sign convention is such that 
“positive” values denote heat fluxes “into the ground”. In which case, Equation 1 can be 
rearranged to solve for latent heat flux: 
    LE = ΔS – Rn – H,     (2) 
which is how we arranged the energy balance equation to solve for LE in this study, since 
data for ΔS, Rn and H is available from our measurements.  
 In this study we used a Large Aperture Scintillometer (LAS) to measure H 
directly, there have not been many other studies that have used this method for energy 
balance studies in the past. More common techniques for energy balance studies 
involving Phragmites include use of the Bowen Ratio Energy Budget (BREB) (Smid, 
1975; (Burba et al., 1999; Sanchez-Carrillo et al., 2004; Peacock and Hess, 2004), 
phytometers (Fermor et al., 2001), lysimeters and water table fluctuations (Lott and Hunt, 
2001), heat balance method measuring sap flow (Moro et al., 2004), steady state 
porometers (Sanchez-Carrillo et al., 2001), and finally, eddy-covariance technique (Zhou 
and Zhou, 2009).  
 The surface energy budget for this study (Equation 1) was determined using the 
same methodology as Cutrell (2010) and Lenters et al. (2011), and much of the 
discussion which follows is a summary of the methodology described by Cutrell (2010). 
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As noted previously, net radiation (Rn) was measured directly with a net radiometer, and 
sensible heat flux (H) was determined using the LAS. Heat storage rate (ΔS) is calculated 
from the HOBO soil/water temperature sensors (Figure 3). This leaves latent heat flux 
(LE) as the residual to be solved for in the energy balance equation (Equation 2). Heat 
storage in the vegetation canopy was explicitly calculated during the 2009 growing 
season (Cutrell 2010), since live P. australis is very tall and dense. Although the 
vegetation was dead in 2010, which significantly reduces the canopy heat storage term 
(due to much lower water content), the full calculation was still performed (with an 
assumption of 0% water content). 
The total heat storage rate (ΔS/Δt) was calculated as the sum of the heat stored in 
four separate layers: 1) vegetation/air canopy (noticeable in 2009, almost negligible 
during 2010 growing season), 2) water layer (variable in height), 3) upper 60-cm soil 
layer, and 4) deep soil heat flux beneath the 60-cm layer. As shown in Figure 3, each of 
these four layers has 1-2 temperature sensors, including a floating temperature sensor on 
the top of the water layer. In the soil, temperature sensors are separated by 30-cm 
intervals, while the rate of heat storage in the deep soil layers (i.e., below 60 cm) is 
calculated as a heat “flux” from the difference in temperature between the two deepest 
sensors. To calculate the soil volumetric heat capacity for heat storage calculations, 
measurements were made at five different locations around the wetland and averaged 
together to attain a value of 3.435 MJ m-3 K (Cutrell 2010). 
 The heat storage calculations used in this study are identical to those of Cutrell 
(2010): 
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s, w, a, and veg represent the soil, water, air, and vegetation parameters, while ρ (kg m-3) 
is density, h (m) is the height of the given heat storage layer, VHC (MJ m-3 K) is the 
volumetric heat capacity, Cp (MJ k g-1 °C-1) is the specific heat, K (W m-1 °C-1) is the 
thermal conductivity of the soil, ΔT/Δt is the rate of change in temperature, ΔT/Δz (m) is 
the vertical temperature gradient, and brackets denote a depth-weighted vertical average. 
K and VHC were derived from five different measurements taken during the 2009 
growing season in the wetland. The mean and standard deviation for K are 0.995 and 
0.219 W m-1 °C-1, while VHC has a mean and standard deviation of 3.435 and 0.298 MJ k 
g-1 °C-1. 
 For the specific heat of P. australis, a value of 2700 J kg-1 °C-1 was used, since 
the specific heat of vegetation was not measured directly at our field site. This is identical 
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to the value used by Cutrell (2010) and is typical for general vegetation (Thom, 1975; 
Moore and Fisch, 1986; Chen et al., 2007; Higuchi et al., 2007). Similar to Cutrell 
(2010), values for vegetation biomass during the 2010 growing season were determined 
using maximum dry biomass measurements from the end of the 2009 growing season 
(5018 g m-2). In contrast to Cutrell (2010), however, who assumed a vegetation water 
content of 86% for the (live) 2009 season, the assumed water content for 2010 was zero. 
Thus, the calculations of heat storage rate within the canopy are based entirely on the dry 
biomass (and, to a lesser extent, the air within the canopy; Cutrell, 2010). 
 
2.4.2 Large Aperture Scintillometer Theory 
Since the LAS instrumentation plays such a significant role in determining the 
sensible heat flux and overall energy balance in this study, further explanation of the 
theory behind the instrumentation is provided in this section. The discussion is largely 
identical to that of Cutrell (2010), but is repeated here for the sake of completeness. In 
addition to the discussion, a diagram (Figure 4) is provided to better illustrate the 
procedures and calculations undertaken in order to attain sensible heat flux values with 
the LAS. Turbulent fluctuations in air temperature and water vapor cause the index of 
refraction of air to change slightly, and these fluctuations result in “scintillations” in the 
electromagnetic radiation emitted by the LAS, which are then measured by the LAS 
receiver. The scintillations are expressed as a “structure parameter” of the refraction of 
air (Cn), which represents a measure of the amount of turbulence in the atmosphere. The 
relationship between Cn
2  and the variance of the natural log of beam intensity (σlhI) is 
given by:  
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where D (m) is the aperture diameter and dx (m) is the transect length between the LAS 
transmitter and receiver. Temperature-related effects have a much larger influence on 
scintillations than humidity, at least for scintillometers in the near-infrared range 
(Wesely, 1976), and the structure parameter of temperature CT
2  (K2 m-2/3) can be related 
to Cn
2 (m-2/3) via the following relationship:  
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where β is the Bowen ratio (defined as the ratio of sensible to latent heat flux and used 
to help correct for humidity-related scintillations), p (Pa) is atmospheric pressure, and T 
(K) is air temperature (measured at the P. australis meteorological station). In arid and 
semi-arid regions, the Bowen ratio can be on the order of 2-3, with H >> LE, while in 
humid regions, values of β = 0 – 0.1 are more typical. When β is small, humidity 
variations can contribute significantly to the scintillations recorded by the LAS, and the 
β-adjustment in Equation 9 is required. On the other hand, if the Bowen ratio is large, 
then the humidity adjustment can be ignored and Equation 9 simplifies to  
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Since the Bowen ratio is generally small over a wetland, with and without vegetation, the 
full form of Equation 9 is used in this study.  
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 Monin-Obukhov similarity theory can be used to relate the structure parameter to 
atmospheric stability through the following relationship (Wyngaard et al., 1971): 
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where d (m) is the zero-displacement height, zLAS (m) is the effective height of the 
scintillometer beam above the surface (Hartogenesis et al., 2003), T* (K) is a temperature 
scale, Lmo (m) is the Obukhov length, and fT is the universal stability function for stable 
and unstable periods (De Bruin et al., 1993). Given the homogeneous distribution of 
vegetation in the wetland, the zero displacement height can be calculated according to 
d = 0.1!hveg , where hveg is the vegetation height. Previous studies have shown that 
measurements of H are very sensitive to the value of zLAS, so an accurate representation of 
the LAS height above the canopy is important for robust estimates of H and LE 
(Hartogenesis et al., 2003). Also, it is important to note that during stable periods, there is 
considerably more uncertainty in the calculation of the stability function (Kipp & Zonen 
2007). The temperature scale and Obukhov length are defined according to:  
                                                      T* =
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2T
gkvT*
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where ρ (kg m-3) is the density of air, kv = 0.4 is the von Kármán constant, g is 
gravitational acceleration (~9.8 m s-2), and u* (m s-1) is the friction velocity. 
The LAS EVATION software uses the above theoretical framework to calculate 
H by initially assuming a value for β, calculating an initial H, and estimating LE from 
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the energy balance equation. Then the initial value for β is replaced by a new value, and 
the program is run iteratively for each 10-minute interval in the data set until the 
difference between β and each subsequent value is less than one percent. After that, the 
final values for H and LE are calculated. It is important to note that saturation of the LAS 
can occasionally occur under certain atmospheric conditions. Saturation is typically 
found when H increases to a point that the measured atmospheric scintillations level off, 
decrease, and are eventually no longer detected by the LAS. The level of saturation 
generally depends on a number of factors, including aperture size, path length, and height 
of the beam above the ground, among others. As atmospheric turbulence increases, the 
relationship between scintillation strength and H weakens considerably and eventually 
becomes no longer useful at saturation (Kohsiek et al., 2006). 
 
2.5 Data Quality and Uncertainty  
Energy balance calculations of  ET utilize measurements from many sources and 
sensors, and each of these numerous data sources contributes uncertainty to the final 
estimates of latent heat flux. Thus, it is important to identify sources of error in the data 
and to eliminate or minimize these uncertainties as much as possible. For nearly every 
data source that was used in the energy budget calculations, quality-control methods were 
undertaken to identify and remove erroneous data points and fill in gaps where data were 
lost or removed. Maximum uncertainties for the instrumentation used in this study are 
shown in Table 1, along with the height of each instrument above the wetland. Sources of 
error and quality control methods for the data in this study are similar to those discussed 
in Cutrell (2010) and Lenters et al. (2011). We summarize here some of the more 
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important quality control techniques and uncertainty estimates, particularly those that are 
unique to the 2010 field season. 
 In terms of the basic meteorological data collected at the two towers in the 
wetland, no significant power or instrumentation failures occurred during 2010 to require 
any filling of data gaps. However, both rain gauges in the wetland became clogged with 
plant material from August 3–18, 2010, and neither gauge recorded precipitation during 
this 2-week time period. Daily rainfall data from the High Plains Regional Climate 
Center were examined to determine if any nearby Automated Weather Data Network 
(AWDN) stations could be used to fill in the missing 2-week period. After evaluating 
several stations, it was found that the mean value of two nearby stations (Edison and 
Cambridge) produced the best correlation coefficient (r = 0.81) on a daily time scale 
when compared with the daily rainfall data from March to July of 2010. The 2-week data 
gap was then filled using the best-fit linear regression equation. 
 As noted by Cutrell (2010), calculations of sensible heat flux using an LAS and 
associated data processing software (e.g., EVATION) require careful quality-control 
procedures. Due to significant variations in vegetation height during the 2009 growing 
season, Cutrell (2010) determined that it was necessary to periodically adjust zLAS (in 0.5-
m increments) to account for these variations. However, during the 2010 growing season, 
all of the P. australis vegetation was dead, and the dry vegetation remained fixed at a 
height of approximately 4 m. However, since the vegetation was dead and not 
representative of a normal canopy, a constant value of zLAS = 1.8 m was used in the data 
processing software throughout the 2010 season. This value was also used during the 
beginning of the 2009 growing season, when P. australis conditions were similar to the 
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2010 season (Cutrell, 2010). In April of 2010, a severe wind event caused a large tree 
limb to fall on the support cables of the LAS receiver, misaligning it in the process. As a 
result, no sensible heat flux data are available from April 13–30, 2010. Together with 
other data gaps during the 2010 growing season (e.g., due to saturation of scintillations at 
sunrise/sunset), missing data accounted for approximately of 13% of the total time period 
from April-October. 
One of the primary LAS quality control issues investigated by Cutrell (2010) had 
to do with the diurnal behavior of the sensible heat flux estimates. It was found that 
erroneously high sensible heat fluxes were being predicted by EVATION during early 
morning (around sunrise) and early evening (around sunset).  The anomalous sensible 
heat flux values usually lasted for about 1-3 hours during these time periods. After 
investigating other meteorological variables during these time periods, Cutrell (2010) 
determined that these anomalous values of sensible heat flux were “neither plausible nor 
real.” The errors were suspected to be related to large changes in atmospheric stability 
around the time of sunrise / sunset. To correct these errors, a two-step algorithm was 
developed to identify and remove the spikes in sensible heat flux (Cutrell, 2010). The 
first part of the algorithm is essentially a first cut, removing approximately 70% of the 
erroneous spikes by flagging abnormally high values of the product of the variance of the 
electromagnetic intensity (recorded as “SigDemod” in the LAS) and the variance of the 
“scaled structure parameter of the refractive index of air” (known as SigPUCn2). The 
reader is referred to Cutrell (2010) for a more detailed discussion of overall quality 
control procedure and the two-step process. Applying the same procedures as Cutrell 
(2010) to data collected during the 2010 growing season, approximately 2% of the 10-
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minute sensible heat flux values were removed via “part one” of the QC algorithm, while 
an additional 2% of the data were removed via “part two” (Figure 5). 
  To fill in the gaps in sensible heat flux created by the quality control procedures, 
regressions between H and other meteorological variables were created, following the 
methods described by Cutrell (2010). Due to the significant change in vegetation cover 
that occurred from 2009 to 2010, it was not deemed appropriate to simply apply the same 
regression coefficients used by Cutrell (2010). Instead, I followed the same, basic 
investigative procedure as Cutrell (2010), who found that for unstable periods (lower air 
temperature > upper air temperature), the product of net radiation and wind speed (Rn * 
U) produced the best overall regression with 10-minute values of H. This regression was 
split into periods of positive Rn (daytime) and negative Rn (nighttime), which created two 
separate regressions. The Rn > 0 regressions were subsequently divided into March-
April, May-August, September, and October time periods (Cutrell, 2010).  Upon applying 
this technique to the 2010 data, the correlation coefficients (r) for the Rn > 0 regression 
ranged from 0.64 (for September) to 0.80 (for October), while the r value for Rn < 0 was 
-0.35. Finally, for stable periods (which primarily occur at night), Cutrell (2010) found 
that a simple regression with wind speed produced the best relationship with 10-minute 
sensible heat flux values (for the entire season, April-October). Applying the same 
method to the 2010 season resulted in an r value of -0.77 for stable periods (Figure 6). 
 Lenters et al. (2011) utilized a comparison of eddy covariance and LAS data 
(collected at Mead, Nebraska in April 2008) to arrive at approximate error bounds for H. 
The comparison suggested that the LAS measurements may overestimate sensible heat 
flux by (at most) 28%, or underestimate the fluxes by 1%, with a mean difference from 
	  
21	  
the eddy covariance H values of +7% (i.e., biased high). Applying these same error 
bounds to the sensible heat flux data collected during 2010 results in an RMS uncertainty 
in H of approximately +0.88/-22.5 W m-2 on daily time scales(+/- indicate upper/lower 
bounds).  Additional estimates of measurement uncertainty for other components of the 
2010 energy balance were determined following the same procedures as Cutrell (2010) 
and Lenters et al. (2011). The resulting RMS uncertainty in the hourly heat storage rate 
for the 2010 season is 55.8 W m-2, which decreases to 2.3 W m-2 when averaged to daily 
values, and 0.46 W m-2 when averaged to 5-day periods. Combining all potential sources 
of error (Rn, ΔS/dt, and H), the RMS uncertainty in the 2010 estimates of hourly latent 
heat flux was found to be 70.2 W m-2, reducing to 28.3 W m-2 for daily values, and 25.3 
W m-2 for 5-day timescales. By comparison, average latent heat flux values for 2010 
range from -259.3 to 502.4 W m-2 (hourly), -3.2 to 196.0 W m-2 (daily), and 84.7 W m-2 
(season-long mean). 
 
2.6 Results 
 
2.6.1 30-Year Climatology and 2010 Conditions 
In order to provide a better context for this energy and water balance study, a 
basic climatology of the region will be provided in this section as well as the basic 
climate classification for the area being studied. This will give a better idea as to the 
specific meteorological conditions during the 2010 season compared to the climatological 
average. Climate data was obtained from the National Climate Data Center (NCDC), and 
from the National Weather Service Cooperative Observer Program (COOP) station 
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located in Beaver City, Nebraska. This station is located about 21 km southeast of the 
wetland field site. To get an idea of the climatology of the area, we present data from the 
last 30 years (1980-2009) from this station, in comparison with our meteorological 
observations from the wetland field site. 
 The region contained by the western Republican River basin is typically classified 
as a semi-arid climate, however, our wetland is located near the boundary between humid 
and semi-arid climate classifications. Using the Beaver City station as a reference, the 
region would be classified as humid continental (according to the Köppen scheme). The 
mean annual maximum, minimum, and average daily temperatures at Beaver City are 
22.1 C, 3.6 C, and 12.8 C, respectively. On average, the area receives 615 mm of 
precipitation annually (683 mm of snowfall). Figure 7 shows monthly mean values of 
temperature and precipitation comparing the wetland field site to the Beaver City station 
for the 2010-growing season. A similar comparison was done for the 2009 growing 
season by Cutrell, 2010, and it was found that monthly mean temperatures agreed well, 
except for during the height of the growing season (July-August), when localized 
evaporative and transpirative cooling significantly reduced temperatures compared to the 
Beaver City station. For 2010, the growing season is defined early April (after the last 
hard spring freeze) and lasts until the first hard freeze in mid October. During 2010, the 
date of the last hard freeze occurred around April 3, and the first hard freeze in the fall 
occurred around October 15. It is worth noting that the 2010 growing season was 20 days 
longer than the 2009 growing season. However, to keep energy balance comparisons 
consistent, a growing season of April 11-October 3 will be used for the remainder of this 
study. April of 2010 was characterized by well-above normal precipitation at the wetland 
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site, while May, July, September and October received much less than normal 
precipitation during 2010 (Figure 7).  May was characterized by much cooler than normal 
temperatures. There is still a slight decrease in average temperature during the peak of the 
growing season observed between the wetland site and the Beaver City station, but this 
difference is not as large as was seen during the 2009 season (Cutrell, 2010). At the 
wetland field site, 2010 was much warmer and drier than 2009 (Table 2). As a result, the 
relative humidity was also lower, even with an increased dewpoint during 2010. Wind 
speeds were generally higher during 2010 compared with 2009. These differences in 
atmospheric conditions in 2010 were largely due to differences in weather patterns during 
2010 and not due to the removal of vegetation, although the removal of P. australis did 
exacerbate the warming in the wetland a small amount. 
In Figure 8, water level, cumulative precipitation, and cumulative precipitation 
minus evapotranspiration are shown for 2009(Figure 8a), 2010(Figure 8b), and for both 
years (Figure 8c). Figure 8a has appeared in Lenters et al., 2011 previously. A noticeable 
increase in water level is apparent during the 2010 season, especially during the early part 
of the season. There remains more water in the wetland during the 2010 season compared 
with 2009 even though total precipitation is lower during 2010. Also, due to a lack of ET 
during the 2010 season, cumulative P-ET is much greater during the 2010 season, even 
with less rainfall. Decreased rates of ET are possibly contributing to the larger amount of 
water in the wetland during the 2010 season. Figure 9 displays wetland surface water 
temperature as a function of the air temperature. It is apparent that not only were air 
temperatures consistently warmer during the 2010 season, but also water temperature as 
well, a result of decreased shading from the lack of P. australis vegetation in the wetland. 
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 The mean diurnal cycle of air temperature, wind speed, and net radiation for the 
months of March/April/May (MAM), June/July/August (JJA), and September/October 
(SO) are shown in Figure 10. Diurnal trends in air temperature, wind speed and net 
radiation follow the trends found during the 2009 growing season. Highest temperatures 
occur during JJA, while cooler temperatures are found in MAM and SO. During the 2009 
growing season, it was noted that all three time periods had roughly the same diurnal 
temperature range of 12°C (Cutrell, 2010). However, during the 2010 growing season, 
the diurnal range in temperatures for SO jumped to 16°C.  Maximum wind speeds occur 
during the spring months (MAM) and are the least during the summer months (JJA). 
Both these variables generally follow the pattern of net radiation, with the highest values 
in the afternoon hours (14:00-16:00) and the lowest values during the early morning 
hours (4:00-6:00). 
 Figure 11 displays the comparison of the two meteorological stations located in 
the same wetland. One is located in the Phragmites portion of the wetland, the other is 
located in the native mix of T. Latfolia and Scirpus. During the 2009 growing season, 
both of these stations had tall green vegetation growing around them, and the air 
temperature for these two stations was very similar during the entire growing season 
(Figure 11a). However, in 2010, there was no green, tall vegetation around the station 
located in the Phragmites portion of the wetland, as a result, a noticeable temperature 
difference is found between the two stations, which are located only hundreds of meters 
apart (Figure 11a). This is a result of the lack of tall, transpiring vegetation surrounding 
the station, and because transpiration releases water vapor, which cools the surrounding 
air, the lack of transpiration would make the air warmer than an area that still has green 
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vegetation surrounding it. Figure 11b displays the difference between the air and canopy 
temperature sensors at the P. australis meteorological station. During the 2009 season, 
with a full green canopy, the lower temperature sensor was noticeably warmer than the 
upper air sensor for a majority of the season, but during 2010, that difference was much 
less, due to the lack of vegetation.  
 Wind speed differences are displayed in Figure 12. Figure 12a shows that while 
the wind speed at the P. australis station is systematically higher than that of the native 
station, this difference was even greater for a majority of the growing season, especially 
after April/May. Figure 12b shows that for most of the growing season, wind speeds were 
higher in 2010 than in 2009.  
 Figure 13 displays box and whisker plots for three meteorological variables 
during the 2009 and 2010 seasons, while Table 4 displays similar data. There is a 
noticeable increase in wind speed at the P. australis meteorological station during the 
daytime in 2010 (Figure 13a). This is mainly due to increased temperatures at the P. 
australis portion of the wetland leading to increased daytime mixing during 2010. Also 
during 2010, relative humidity was slightly lower and surface temperature was much 
higher at the P. australis station compared with the native station (Figures 13b and 13c). 
It is interesting to note that the hourly variability between the two stations was greatly 
decreased during 2010 for relative humidity and surface temperature (Figures 13b and 
13c). 
 
2.6.2 Surface Radiation Balance 
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Surface radiative heat fluxes are the driving force behind all energy balance 
components. Figure 14 displays the 5-day running means for incoming solar radiation, 
incoming longwave radiation, net longwave radiation, and net radiation.  Incoming solar 
radiation increases through April and May, peaking in June, and then slowly declining. 
Net radiation largely follows the same trend. Trends for incoming longwave radiation 
were slightly different, peaking in late July/August before declining. Net radiation is 
basically the available energy at the surface for sensible and latent heat fluxes, while 
incoming longwave is a function of the temperature of the atmosphere. Overall, seasonal 
surface radiation trends remained largely the same between the 2009 and 2010 growing 
seasons, the only change was the magnitude of these radiative fluxes. Season-long (Apr 
11-Oct 3) average net radiation increased from about 160 W m-2  in 2009 to about 165 W 
m-2 in 2010 (Table 3). This increase in net radiation was mainly due to decreased cloud 
cover and warmer temperatures and not vegetation cover changes, as this increase is seen 
at both meteorological stations. This increase in net radiation is not severe enough to 
cause any drastic energy balance differences. However, some radiation balance changes 
did occur as a result of the change in vegetation cover in the P. australis section of the 
wetland. There was a substantial increase in incoming shortwave radiation in 2010 (271 
W m-2) compared with 2009 (256 W m-2)(decreased cloud cover), and an increase in 
incoming longwave radiation (higher temperatures) as well. As a result of the vegetation 
change, the albedo for the 2010 growing season (0.188) was actually lower than in 2009 
(0.207)(Figure 15). This is due to the fact that more of the incoming solar radiation was 
being absorbed by the standing water in the wetland than in 2009, when the water was 
largely shaded by the tall dense, P. australis canopy, which would more easily reflect the 
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solar radiation than the darker water. Unlike during the 2009 season, a slightly smaller 
trend was found for albedo during the 2010 growing season. This is largely due to the 
fact that surface conditions remained mostly unchanged for the duration of the 2010 
season, unlike in 2009. Although there was largely open water and dead P. australis 
stands in the wetland for the 2010 growing season, values for albedo in this study (0.19) 
differ from open water albedo values of 0.12 taken by Burba et al. (1999b) for a similar 
wetland in north-central Nebraska.  
Increases in incoming shortwave and longwave radiation, however, are somewhat 
tempered by the fact that the outgoing longwave radiation increased dramatically during 
the 2010 growing season, which is mainly caused by the  warmer temperatures that were 
observed during 2010, and also because there was no transpiring vegetation in that region 
of the wetland during 2010.  
 
2.6.3 Heat Storage Rate 
The 5-day running mean ∆S/∆t of the wetland can be seen in Figure 16. The 
largest component of the heat storage term is the water heat storage rate. Which is 
affected by both water temperature, and water depth. The upper soil, lower soil, water 
and total heat storage are included in Figure 16. Canopy and air heat storage were 
included in heat storage calculations, but not in Figure 16, due to their comparatively 
small fluxes on daily timescales. The overall seasonal pattern in heat storage was largely 
the same as the 2009 growing season. In general, early in the season, heat is stored in the 
wetland, a net gain, and slowly released during the later part of the growing season, a net 
loss. Magnitudes for the different components of the heat storage term, however, differed 
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significantly in some periods of the growing season. For instance, since there was no 
green P. australis canopy during the 2010 growing season, the canopy heat storage term 
looked much different compared with the 2009 season (Figure 18). Maximum daily rates 
of canopy heat storage during the 2010 growing season only ranged from -0.63 W m-2 to 
+0.52 W m-2, while during the 2009 season, maximum daily rates ranged from -1.8 W m-
2 to +1.6 W m-2. While these magnitudes may be small compared with the other 
components of the heat storage term, the overall change in magnitude of this component 
illustrates just how much of an effect the P. australis had on the heat storage of the 
wetland. As a result of the vegetation removal in the wetland, a greater amount of heat 
was stored in the water column during the 2010 growing season. The absence of the P. 
australis canopy during the 2010 season allowed more solar radiation to reach the water 
surface and heat the water column, resulting in not only higher amounts of heat stored in 
the water during the 2010 season, but subsequently more heat stored in the soil as well. 
Figure 19 shows the cumulative heat stored in the water column during the two growing 
seasons. It is evident that much more heat was stored in the water column during the 
2010 season compared with 2009. Maximum daily rates of water heat storage range from 
-73.7 W m-2 to +83.6 W m-2 during 2010, compared with -67.0 W m-2 to +51.7 W m-2 
during 2009 (Cutrell 2010). This maximum daily rate of water heat storage during 2010 
was 52% greater than the maximum daily rate during 2009. As a result of this, the 
maximum heat stored in the water column during the season was reached on August 8, at 
458 W/m2. At this date during 2009, there was only 271 W/m2 of energy stored in the 
water column, 41% less than in 2010 (Figure 19). This substantial increase in water heat 
storage would also mean that a higher percentage of the available energy provided by net 
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radiation would be consumed by the heat storage term, and, in fact, that number jumps 
from 13% in 2009 (Lenters et al., 2011) to 25% of Rn being used to heat the water and 
soil in 2010. Diurnal patterns of soil and water heat storage generally follow the pattern 
of net radiation. And the seasonal shifts in the quantities did not change dramatically 
from one season to the next. The magnitude of the heat storage rate, however, did change 
quite significantly between the two growing seasons, especially during the early part of 
the growing season, April and May. The hourly rate of heat storage almost doubled from 
2009 to roughly 300 W/m2 during the midday peak heating hours (11:00-13:00), 
consuming almost 56% of the available energy (Figure 20). On a diurnal basis, the 
percentage of available energy used by the heat storage term at peak heating (13:00) 
changed dramatically between 2009 and 2010. During April and May, this percentage 
changed from 33% in 2009 to 56% in 2010 (Figure 20). During June, July and August, 
the percentage change from 7% in 2009 to 35% in 2010 (Figure 21), and during 
September and October, the percentage changed from 22% to 28% (Figure 22).  
 Thus, the rate of heat storage depends on the timescale being looked at and the 
time of year. Similar to the 2009 season, the water storage rate dominates the heat storage 
term for the entire season on hourly and daily time scales, accounting for nearly 99% of 
the variance on hourly and daily time scales. 
 
2.6.4 Sensible Heat Flux 
Between the two growing seasons, the sensible heat flux was the energy balance 
component that was most affected by the P. australis removal. During the beginning of 
the growing season, the pattern of sensible heat flux looks similar to the previous season, 
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with the highest rates coming in the first few months (Apr-May). But unlike 2009, when 
there was live Phragmites australis growing in the wetland, the sensible heat flux did not 
plummet to a small constant value beginning in month of May (Figure 23). Sensible heat 
flux reached an average daily maximum of 164.3 W m-2 during late April, and a daily 
minimum of 17.0 W m-2 during a cool and wet period in mid-May. During April and May 
about 63% of the available energy was used by sensible heat flux. While during the rest 
of the growing season about 44% of available energy was used for sensible heat flux. The 
sensible heat flux in 2010 dipped slightly as the growing season progressed, but stayed at 
a relatively stable value around 70 W m-2 for the remainder of the season, as opposed to 
around 20 W m-2 during the 2009 season (Figure 23). This led to a 132% increase in the 
average sensible heat flux from Apr 11-Oct 3 for the two growing seasons. The average 
sensible heat flux jumped from 32.7 W m-2 in 2009 to 75.7 W m-2 in 2010. This drastic 
change is most likely caused by the lack of green, transpiring vegetation in the portion of 
the wetland during 2010. With the vegetation not able to use the available energy to 
transpire water, the energy is used to heat the air instead. A combination of surrounding 
dead vegetation and increased wind speeds led to the increased sensible heat fluxes 
during the spring (Apr-May), and the slight decrease that is seen during the early Summer 
is simply caused by surrounding vegetation and crops greening up, and wind speeds 
decreasing, since there is still no vegetation in the wetland during that time. Diurnal 
patterns of sensible heat flux remained relatively the same, although overall magnitudes 
were higher during each season during the year. The diurnal maximum during Apr-May 
was 212.3 W m-2 at 13:00 (Figure 20b), which was about 17% lower than the early 
season diurnal maximum during 2009 (Figure 20a), while the diurnal maximum during 
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the month of July was 155.7 W m-2, which is 289% higher than the July diurnal 
maximum during 2009 (Cutrell 2010). Cumulative amounts of sensible and latent heat 
fluxes can be seen in Figure 25. 
 
2.6.5 Latent Heat Flux and Evapotranspiration 
The latent heat flux of the wetland is greatly tied with the vegetation growing in 
the wetland. As a result of the P. australis eradication at the end of the 2009 growing 
season, the latent heat flux of the wetland dropped significantly during the 2010 season. 
The 5-day running mean latent heat flux for both growing seasons can be found on Figure 
24. Early season (April-May) trends in latent heat flux appear to be similar between the 
two growing seasons. Mainly due to the fact that there is minimal transpiring vegetation 
during this time period in either growing season. On daily time scales the average latent 
heat flux for the growing season dropped from 124.5 W m-2 in 2009 to 84.7 W m-2 during 
2010 (Figure 24). 5-Day averages never exceeded 150 W m-2 and never dipped below 0 
W m-2. The highest daily average was 196 W m-2 (6.9 mm day-1) on June 27, which is 
only about 14% lower than the daily maximum during 2009. As stated in Lenters et al., 
2011, this maximum daily rate is slightly higher than other P. australis energy balance 
studies that have been conducted, even though there was no live vegetation during this 
growing season. During the peak of the growing season (June-August), the amount of 
available energy partitioned by latent heat flux in the wetland dropped from 90% in 
2009(Lenters et al., 2011) to 61% in 2010.  It can be generally assumed that the latent 
heat flux observed during the 2010 growing season was largely just evaporation from the 
standing water in the wetland, with also slight contributions from the surrounding 
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cottonwood trees and irrigated crops, depending on wind direction and season. The 
diurnal pattern of latent heat flux largely remained the same during the 2010 growing 
season, only changing in magnitude. Peak diurnal rates of ET for the early growing 
season (April-May) only reached 98 W m-2, and this maximum was reached at 21:00, 
when the sun was actually down (Figure 20b). This diurnal peak was just 41% of the 
peak early season diurnal latent heat flux measured during the 2009 season. The mid-
season (JJA) diurnal peak during 2010 (275.6 W m-2) was only 58% of the mid-season 
diurnal peak latent heat flux found in 2009 (475.7 W m-2) (Figure 21). The timing of 
diurnal peak ET also fluctuated during the growing season (Figures 16-18). As noted 
earlier, the peak diurnal ET during the early growing season actually occurred at night, 
due to the massive release of heat from the water column. The peak diurnal ET occurred 
about one hour before peak Rn during the mid-growing season (11:00) (Figure 21b), and 
the peak ET occurred about two hours after peak Rn during the late growing season 
(14:00) (Figure 22b). During the 2009 season, the peak diurnal ET occurred at or an hour 
after peak Rn (Cutrell 2010). Compared with Burba et al. (1999a) who found that the 
peak diurnal ET rate occurred about 1-2 hours after peak Rn. The average daytime and 
nighttime LE for this study was 125.9 W m-2 and 43.5 W m-2, with the nighttime ET 
being 613% greater than the nighttime value for the 2009 season (Cutrell 2010).  The 
total accumulated evapotranspiration (ET) for the 2010 growing season was 525 mm, 
which is 32% lower than the accumulated ET during the 2009 growing season (Figure 
25).  
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2.7 Discussion and Conclusions 
An energy balance study was conducted in a wetland infested with Phragmites 
australis in southwest-central Nebraska during the 2009 and 2010 growing seasons. This 
thesis is focusing on the 2010 growing season (Figure 26). Phragmites vegetation was 
sprayed with a herbicide during July 2009. During the 2010 season, no new vegetation 
grew back in that portion of the wetland. A Large Aperture Scintillometer (LAS) system 
was used to calculate sensible heat flux (H), direct measurements of heat storage rate 
(∆S/∆t)  and net radiation (Rn) were directly measured at the wetland site. The latent heat 
flux (LE) is then calculated as a residual of this energy balance. The growing season was 
kept consistent with the 2009 season, defined at April 11-October 3. April of 2010 was 
characterized by well-above normal precipitation at the wetland site, while May, July, 
September and October received much less than normal precipitation during 2010. While 
May was characterized by much cooler than normal temperatures. Due to the lack of live, 
transpiring vegetation in the P. australis section of the wetland, a noticeable temperature 
difference was recorded between the two wetland meteorological stations during the 2010 
season.  
A visible increase in incoming shortwave radiation and also incoming longwave 
radiation was measured during the 2010 season. This was mostly due to meteorological 
factors such as decreased cloud cover and overall warmer temperatures during 2010. 
However, influences such as decreased albedo and less cooling transpiration because of a 
lack of green vegetation in the Phragmites section of the wetland also were factors in this 
difference.  
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 Diurnal and seasonal patterns in the heat storage term largely remained the same 
as 2009, only changes in magnitude were observed. Variations in canopy heat storage 
dropped considerably during 2010, owing to the fact that there was no green Phragmites 
canopy during the 2010 growing season. The lack of a green vegetation canopy over the 
wetland allowed 41% more heat to be stored the water column of the wetland by August 
2010, compared with 2009. Subsequently, an increase in heat stored in the soil was 
observed as well. During the early season (Apr-May) the heat storage term consumed 
almost 56% of the available energy during peak heating hours (11:00-3:00), almost 
double that of the 2009 value.  
 Sensible heat flux rates changed dramatically between the 2009 and 2010 growing 
seasons. On daily time scales, the average sensible heat flux increased by 132% during 
the 2010 growing season. For a majority of the growing season, about 44% of the 
available energy went into sensible heat flux. The lack of green, transpiring vegetation 
caused the incoming available energy to go into heating the air instead of transpiring 
water from the vegetation. As a result, the diurnal maximum during the month of July 
was 289% greater than in 2009. 
 As a result of the increase in sensible heat flux, latent heat flux dropped 
dramatically during 2010. Overall, the daily average latent heat flux dropped 32% during 
2010, mainly due to the lack of transpiring Phragmites vegetation. And the maximum 
daily value for latent heat flux was 14% lower than the daily maximum in 2009. The 
amount of available energy used by latent heat flux dropped from 90% in 2009 to 61% in 
2010. It can be assumed that most of the LE observed during 2010 was the evaporation 
from the standing water, since there was no live vegetation in the wetland. However, 
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slight contributions from surrounding cottonwood trees and irrigated croplands most 
likely provided some additional ET, depending on season and wind direction. Due to the 
dramatic early season increase in the heat storage term, the early season diurnal 
maximum of LE actually occurred at 21:00 when the sun was down. This was due to the 
massive amount of heat being released by the water column at night. As a result of this, 
the average nighttime ET value for the 2010 season was 613% greater than the nighttime 
value recorded during the 2009 season. The mid-season (JJA) diurnal maximum was only 
58% of the mid-season diurnal maximum observed during the 2009 season. 
 
Chapter 3 
 
Physiological Response of Invasive and Native Phragmites 
australis to Temperature Change and Nitrogen Fertilization  
 
3.1 Introduction 
Phragmites australis (Cav.) Trin. ex Steud. (hereafter introduced invasive P. 
australis), of Eurasian origin, is a widely distributed species around the world.  In the US, 
P. australis was originally introduced in the 19th century (Meyerson et al. 2010) but has 
become problematic in recent decades and is now listed as a noxious invasive species in 
several states. The introduced invasive P. australis has been referred to as a “habitat-
modifying organism” (Rooth et al. 2003) and has been described as a virulent and 
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aggressive invasive grass species. It has the ability to take over native vegetation and 
form monocultures in various ecosystems, especially water saturated areas such as 
wetlands, marshes, tidal flats, and road ditches (Blossey 2003; Meyerson et al. 2000), 
leading to changes in ecosystem structure and function, and consequently ecosystem 
services (Stalter and Baden 1994; Kettenring et al. 2011).  In the Great Plains of the US, 
the recent invasion of the introduced P. australis (over the last 15-20 years, Cutrell 2010) 
into the semi-arid riparian areas and wetlands has presumably modified habitats and 
altered stream and wetlands ecohydrology by choking up waterways and transpiring 
water at high rates, with evapotranspiration (ET) rates exceeding 8.2 mm d-1 during the 
growing season (Kiviat 2010; Lenters et al. 2011).  These high ET rates are of particular 
concern in semi-arid regions such as the Great Plains (Heilman et al. 2009), where recent 
water shortages have occurred in response to several consecutive years of drought, 
excessive anthropogenic groundwater extraction, and surface water use. 
In the Great Plains and elsewhere in North America, a native P. australis subsp. 
americanus (hereafter native P. australis) counterpart exists, and in some cases the two 
lineages (i.e., native and introduced invasive P. australis) co-exist alongside one another. 
This makes differentiating between the two lineages difficult to the untrained eye, which 
is why the species is referred to as a “cryptic invader” (Saltonstall 2002), requiring 
genetic analysis for conclusive evidence (Saltonstall 2003; Saltonstall et al. 2004). 
However, the two lineages typically differ in their growth habits, behavior, and physical 
appearance. The native P. australis is generally smaller, with lower stem density and 
more flexible stems, and grows in more mixed communities compared to its invasive 
counterpart (Blossey 2003; Swearingen and Saltonstall 2010).  These growth traits are 
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believed to put the introduced invasive P. australis at an advantage, leading to systematic 
displacement of the native P. australis by the invasive lineage in habitats where they 
overlap (Mozdzer and Zieman 2010; Meyerson et al. 2010). It is hypothesized that the 
success of plant species invasion is linked to several traits, including high resource use 
efficiency (Baruch and Goldstein 1999; Kettering et al. 2011), morphological and 
physiological plasticity (Stratton and Goldstein 2001, Wolkovich and Cleland 2011), 
relative growth rate, specific leaf area (Grotkopp et al. 2002), reproduction capability, 
and genetic diversity (Kettenring et al. 2011). Previous studies have shown that the 
introduced invasive P. australis grows faster than its native counterpart, with much 
higher rates of photosynthesis and stomatal conductance, along with a much higher 
specific leaf area (SLA) and nitrogen content compared to native P. australis (Mozdzer 
and Zieman, 2010).  
 Increases in temperature with climate change, as well as anthropogenic input of 
nitrogen associated with intensive agriculture and fossil fuel burning are expected to 
further modify habitats (Vitousek et al. 1997; Galloway and Cowling 2002; Kettenring et 
al. 2011).  It is unclear at this point how introduced invasive P. australis will respond to 
these environmental changes and how these changes will affect its subsequent ability to 
effectively compete and overtake native species in its newfound Great Plains and 
southwestern habitats in the US (Meyerson et al. 2010). Previous studies on the invasive 
P. australis have shown that above-average seasonal temperatures resulted in earlier 
emergence of rhizomes and increases in both maximum photosynthetic rates and 
quantum use efficiency during the growing season (Lessmann et al. 2001).  
Photosynthetic pathway is typically a good indicator of the optimum growing 
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temperature for a particular species. However, P. australis tends to exhibit characteristics 
of both C3 and C4 pathways; its carbon anhydrase activity is typical of a C3 plant 
(Antonielli et al. 2002), while, its PEP carboxylase activity and Rubisco/PEP ratio is 
indicative of a C4 plant (Rintamaki and Aro 1985; Zheng et al. 2000). However, it has 
been observed that the optimum growth temperature for P. australis is low compared 
with C4 plants (16-17 ˚C, Ondok and Gloser 1978). The carbon isotope ratio (δ13C) of P. 
australis plants investigated for this and other studies in Nebraska revealed a C3 pathway.  
 Increases in nitrogen concentration in low-lying, water-saturated zones have been 
shown to have a positive impact on the introduced P. australis. Past studies have 
indicated that the introduced invasive P. australis requires up to four times the amount of 
nitrogen to succeed compared to its native P. australis counterpart. Thus, while removal 
of excess nutrients from aquatic systems is generally desirable, an increase in N input in 
waterways could further increase ecosystem susceptibility to P. australis invasion 
(Mozdzer and Zieman 2010; Kettenring et al. 2011), thereby altering site species 
composition and modifying ecosystem functions through changes in species resource use 
efficiencies (Yuan et al. 2005; Kochsiek et al. 2006; Meyerson et al. 2010).  
The focus of this study is to assess ecophysiological responses of native and 
introduced invasive P. australis to fertilization or N addition and short-term alterations in 
leaf temperature (both independently and in concert) under a controlled environment. The 
invasion of P. australis in semi-arid regions of the Great Plains is ongoing (Meyerson et 
al. 2010), and little is known about how the two lineages will respond to such changes. 
Ecophysiological properties such as gas exchange, photosynthetic capacity, and water 
and nitrogen use efficiencies provide a mechanism for assessing the success of species in 
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a community, as they are the first to respond to changes in resource availability 
(Kochsiek et al. 2006). Measurements of these basic parameters will provide vital 
information for better habitat management and intervention and for parameterization of 
regional models to determine the current impacts and future potential expansion of this 
species into new habitats.   
 
3.2 Materials and Methods 
 
3.2.1 Plant material and growth conditions 
This study was conducted on established native and introduced invasive P. 
australis rhizomes and root material that were collected from fields in Nebraska, USA. 
Plant rhizomes and root material of both lineages were collected in late spring toward the 
end of the dormant season; plants of native lineage were collected from a site near the 
Loup River in southern Howard County (41.06˚N 98.58˚W), and those of the introduced 
invasive lineage were collected near Lincoln, in Lancaster County, Nebraska (40.74 ˚N 
96.68˚W). Rhizomes and root material were separated into samples of equal size to 
reduce variability and planted in 32-L individual pots filled with organic rich topsoil 
(composed of 70% soil, 10% sand, 10% peat moss, 5% perlite, and 5% vermiculite). Pots 
were kept in a climate-controlled greenhouse with day:night temperatures of 25 ± 3 : 22 ± 
3 °C and RH of 50 ± 5%, with daily watering to maintain complete soil saturation and 
simulate wetland or marsh conditions. Plants were allowed to grow for about eight weeks 
before the first application of nitrogen fertilizer (142 g, NPK 36:6:6) was administered to 
a subset of each native and introduced invasive P. australis, followed by a second 
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application three weeks later (71 g, NPK 36:6:6). Plants were allowed to grow and 
acclimate to greenhouse conditions for over three months prior to measurements. Subsets 
of seven plants per lineage per N treatment (N and control) were selected for the 
ecophysiological measurements.   
 
 3.2.2 Measured ecophysiological parameters 
Gas exchange measurements were conducted on fully mature leaves across four 
treatments: Native-Fertilized (N-F), Native-Non Fertilized (N-NF), Invasive-Fertilized (I-
F), and Invasive-Non Fertilized (I-NF) using two infrared gas analyzers (LI-6400-40: Li-
Cor Inc., Lincoln, NE, USA). Gas exchange measurements were conducted at three 
different temperatures, 19, 25, and 32 ˚C, which are representative of both intra-daily 
fluctuations and the range of average temperatures observed during the growing season in 
NE (High Plains Regional Climate Center, University of Nebraska-Lincoln). 
Measurements were taken over a two-week period, starting after 9:00 am and ending 
before noon. Plants were allowed to acclimate to the set temperature level in the leaf 
chamber before measurements were taken. While plants within each treatment were 
selected at random each morning, measurements were completed on selected plants at 
each of the three temperatures before moving to a different plant.  The response of 
photosynthesis (A) to CO2 concentration for the creation of (A/Ci) curves was determined 
at light saturation (PAR 1500 µmol m-2 s-1), following the protocol described in Long and 
Bernacchi (2003), using leaf chamber CO2 concentrations of 2500, 2000, 1500, 1000, 
800, 600, 400, 300, 200, 100, and 50 µmol mol-1 (Long and Bernacchi 2003; Xu and 
Baldocchi 2003; Bihmidine et al. 2010). Photosynthesis was first measured at ambient 
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greenhouse CO2 concentration (Ca 400 µmol mol-1), after which the concentrations were 
then lowered stepwise to 300, 200, 100, and 50 µmol mol-1, with A recorded at each 
level. After recording measurements at 50 µmol mol-1, Ca was returned to 400 µmol mol-
1, and A was measured again for validation before increasing Ca stepwise to 2500 µmol 
mol-1. Maximum carboxylation velocity (Vcmax) and rate of electron transport (Jmax) were 
calculated for each A/Ci curve by non-linear regression (protocol and equations described 
in Farquhar 1980; Xu and Baldocchi 2003; Manter and Kerrigan 2004). The response of 
photosynthesis to PAR was determined at Ca 400 µmol mol-1 at the following light levels: 
1500, 1300, 1000, 800, 600, 400, 200, 100, 50, 25, and 0 µmol m-2 s-1. Measurements 
were first conducted at 1500 µmol m-2 s-1, then PAR was lowered stepwise to 1300, 1000, 
800, 600, 400, 200, 100, 50, 25, and 0 µmol m-2 s-1, and photosynthesis was measured at 
each step. Maximum net photosynthesis (Amax, µmol m-2 s-1), transpiration rates (E, mmol 
m-2 s-1), water use efficiency (WUE=A/E), and stomatal conductance (gs, mol m-2 s-1) 
were derived from the photosynthetic light response curve at light saturation (PAR 1500 
µmol m-2 s-1). Additionally, apparent quantum yield (Φ) and dark respiration (Rd, µmol 
m-2 s-1) were calculated using the initial, linear portion of the photosynthesis-PAR 
response curve (Awada and Redmann 2000).   
To measure maximum photochemical efficiency of photosystem II (Fv/Fm) on 
dark-adapted P. australis leaves, the plants were placed in walk-in growth chambers and 
dark adapted for 12 hours prior to measurements at either 19, 25, or 32 ˚C. Fv/Fm was 
measured with a leaf fluorometer attached to the LI-6400 infrared gas analyzer (Li-Cor 
Inc., Lincoln, NE, USA). Minimal or dark-adapted fluorescence (Fo) occurs when all PSII 
reaction centers are open, and maximal fluorescence (Fm) occurs when all reaction 
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centers are closed. The variable fluorescence (Fv) is the difference between Fo and Fm. 
When measured in the dark, Fv/Fm is proportional to the maximum potential quantum 
yield of photosynthesis (Bihmidine et al. 2010). 
To determine specific leaf area (SLA = leaf area/dry weight, cm2 g-1), several 
leaves were selected from each plant in each treatment, leaf area was determined using an 
LI-3000 (Li-Cor Inc., Lincoln, NE, USA), and the samples were then oven dried until the 
weight was constant (120 hrs at 60 °C), after which the dry weight was measured. 
Nitrogen content and carbon isotope ratio (C13δ) were determined on the oven-dried 
samples. Nitrogen content was analyzed using a Costech ECS 4010 (Valencia, CA, 
USA), while the carbon isotope ratio (δ13C) was determined by relating the 13C/12C of the 
sample (Rsample) to the 13C/12C ratio of the VPDB standard (Rstandard): δ13C = 
[(Rsample/Rstandard)-1] * 1000. 
 
3.2.3 Statistical Analysis 
Analysis of variance via the mixed-model procedure was used to determine 
significant differences between lineages in their responses to treatments (using the SAS 
statistical package; SAS Institute, Inc. 1998). The significant differences between 
lineages were assessed at p < 0.05. 
 
3.3 Results 
  
3.3.1 Leaf gas exchange 
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Gas exchange measurements revealed significant differences between native and 
introduced invasive P. australis, as well as between fertilized and non-fertilized 
treatments (Table 5). Maximum photosynthetic rates at light saturation (Amax) did not 
differ significantly between the two P. australis lineages at each measured temperature 
(19, 25, and 32 °C) in the absence of N addition or fertilization. In addition, Amax 
increased with temperature in non-fertilized P. australis, but this increase was only 
significant in the native lineage (35% increase from 19 to 32 °C; Table 5, Figure 27). 
Fertilization resulted in a significant increase in Amax regardless of temperature in both 
native and introduced invasive P. australis (compared to non-fertilized plants), and the 
increase was significantly more pronounced at 19 and 25 °C in the native (41 and 47%, 
respectively) than in the invasive (39 and 28%, respectively) P. australis, as well as for 
both lineages at 32 °C (30 and 32%, in the native and invasive P. australis, respectively).  
Dark respiration (Rd) did not differ between native and introduced invasive P. australis 
or fertilization treatment at 19 °C. However, increases in temperature (i.e., 19 to 32 °C) 
resulted in a significant and positive response, as expected (Table 5, Figure 27), which 
was more pronounced in native fertilized treatment (4-fold) compared to the others (~2.9-
fold). Leaf-level transpiration rates (E) also responded positively to temperature, with a 
steeper incline observed between 25 and 32 °C than between 19 and 25 °C, irrespective 
of lineage or fertilization treatment (Table 5, Figure 27). Transpiration rates were 
significantly lower (~45%) in the native non-fertilized plants at 19 and 25 °C than in the 
remaining treatments, with no differences among the latter at either temperature. At 32 
°C, E rates varied between lineage and N treatment, with fertilized plants having the 
highest rates. Native and introduced invasive P. australis differed in their stomatal 
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conductance (gs) response to fertilization and temperature (Figure 27), with native lineage 
gs showing a greater than two-fold increase in response to fertilization, but not in 
response to temperature. However, gs in the invasive P. australis was highest at 19 °C 
and declined sharply as temperature increased to 25 °C (35 and 48% decreases for non-
fertilized and fertilized plants, respectively). Further increases in temperature to 32 °C 
resulted in little change in gs.  Instantaneous water use efficiency (WUE) was 
significantly lower (> 40%) in introduced invasive than in native P. australis in the 
absence of fertilization (at 19 and 25 °C), which is a reflection of the high recorded E in 
this lineage (Figure 27). However, these differences between lineages disappeared at 32 
°C.  Fertilization resulted in a significant increase in WUE in invasive P. australis at 19 
and 25 °C, but not at 32 °C. Native P. australis maintained higher WUE under both 
fertilized and non-fertilized treatments compared to the introduced invasive P. australis, 
and showed little response to fertilization, especially at 25 °C. WUE declined at 32 °C, 
with no differences between treatments and lineages. The ratio of Ci/Ca, which is an 
indication of efficiency of CO2 assimilation or delivery to the site of assimilation, was not 
significantly influenced by lineage or fertilization treatments (Table 5, Figure 1). 
However, a general decline in Ci/Ca was found to occur with an increase in temperature, 
as expected. The exception was for native non-fertilized P. australis, which exhibited a 
significantly lower Ci/Ca ratio than the remaining plants (at a temperature of 19 °C), 
which could be due, in part, to the lower gs in this treatment, relative to others.  
 
3.3.2 Fv/Fm, Φ,  Vcmax and  Jmax 
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Maximum photochemical efficiency of photosystem II (Fv/Fm) improved in 
response to fertilization in both native and introduced invasive P. australis at 19 and 25 
˚C, with minimal differences between lineages at 32 ˚C. Temperature increase also 
resulted in a positive response in Fv/Fm for all plants except the fertilized introduced 
invasive P. australis, which showed little variability and maintained a high Fv/Fm (~0.8) 
under all temperature treatments (Table 5, Figure 28). The apparent quantum yield (Φ), 
which is a measure of plant efficiency in capturing light, showed a significant increase in 
response to fertilization for native and introduced invasive P. australis  (mean values of 
0.05 and 0.065 in non-fertilized and fertilized treatments, respectively), but did not show 
a statistically significant response to increases in temperature (Table 5, Figure 28). 
Maximum carboxylation velocity (Vcmax) and rate of electron transport (Jmax) showed a 
general positive response to temperature increase in the absence of fertilization, and rates 
were significantly higher in native than in invasive P. australis. Fertilization improved 
Vcmax and Jmax rates, with statistically significant increases for invasive P. australis 
(irrespective of temperature), and for native fertilized P. australis at 25 °C. 
 
3.3.3 δC13, N, PNUE and SLA  
Plant samples were collected at the end of the measurement period for the 
determination of carbon isotope ratio (δ13C), nitrogen content (N), and specific leaf area 
(SLA). The δ13C, which is a measure of integrated WUE over the life of the tissue, was 
significantly less negative (i.e., tissues were more enriched) in the native than introduced 
invasive P. australis (Figure 29). Fertilization significantly increased δ13C enrichment in 
invasive plants, indicating an improvement in WUE. Fertilization had little effect on δ13C 
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in native P. australis.  Moreover, regressing δ13C as a function of instantaneous WUE 
(A/E) showed a significant relationship (R2 0.91, p < 0.05) (Figure 30), with invasive 
non-fertilized P. australis displaying the lowest WUE and δ13C values, while native 
fertilized showed the highest values.  The addition of N resulted in an increase in tissue N 
concentration and was more pronounced in the invasive than the native plants, resulting 
in a decrease in photosynthetic nitrogen use efficiency (PNUE or A/N) in this treatment 
relative to others (Figure 30). SLA did not show any specific trend, and response to 
fertilization was lineage specific. For example, although native P. australis responded to 
fertilization with an increase in SLA, invasive P. australis showed a decrease. It is worth 
noting that in the absence of N addition or fertilization, the invasive P. australis exhibited 
a higher SLA than its native counterpart, which is consistent with what has been reported 
in the literature (e.g., Mozdzer and Zieman 2010).   
 
3.4 Discussion 
3.4.1 Ecophysiological responses to N addition and temperature  
The aim of this study was to investigate the ecophysiological responses of native 
and introduced invasive P. australis to nitrogen addition and temperature. The rates 
recorded in the literature for Amax (Pagter et al. 2005; Saltmarsh et al. 2006; Liao et al. 
2007; Ziqiang et al. 2009), E (Gillon and Yakir 2001; Pagter et al. 2005; Ziqiang et al. 
2009), gs (Antonielli et al. 2002; Ziqiang et al. 2009), Fv/Fm (Meszaros et al. 2003), and 
Φ (Lessman et al. 2001) were comparable to those found in this study under favorable 
conditions.  Values recorded for Vcmax in this study were greater than those reported by 
Lessman et al. (2001), Antonielli et al. (2002), Pagter et al. (2005), and Saltmarsh et al. 
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(2006), but were within the range reported for grasses and other C3 plant species (e.g., 
Morgan et al. 2004, Bernacchi et al. 2005). Species or lineage genetics, underlying 
biochemical differences, environmental conditions, or assumptions used for the 
calculations of Vcmax, and Jmax may explain the variability in rates reported in the 
literature (Bernacchi et al. 2005).  
Increasing temperatures in the absence of N fertilization resulted in an 
enhancement in net Amax (i.e., the difference between gross photosynthesis and 
respiration), although this was only significant in the native P. australis. Temperature 
increase is known to have a positive impact on gross photosynthesis (Scheidegger et al. 
2000), and this was also shown in the increases in Fv/Fm, Vcmax, and Jmax. However, 
improvement to gross photosynthesis can be diluted by concurrent increases in dark 
respiration (Rd) and photorespiration in C3 plants (Bihmidine et al. 2010), leading to a 
moderate improvement in net Amax, as was observed for the invasive P. australis in this 
study.  Increase in temperature in the absence of N addition has also been associated with 
increases in E, gs, and consequently Ci/Ca (Scheidegger et al. 2000). Our results agree 
with what has been reported in the literature with respect to E (for both lineages), but 
anticipated increases in gs and Ci/Ca with temperature were only observed in the native 
lineage. In fact, gs and Ci/Ca responded negatively to temperature increases in the 
introduced invasive P. australis, indicating that this lineage might lose some of its 
competitive advantage at higher temperatures (i.e., ≥ 25 °C) compared to its native 
counterpart. These results are also supported by the lower gs and E, higher WUE (A/E), 
and higher C13δ (which represents an integrated measure of water use efficiency) in 
native relative to the introduced invasive P. australis. This suggests that the native 
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lineage might be better adapted to higher temperatures, can withstand greater water 
fluctuations, and could have less impact on the ecohydrology of aquatic systems relative 
to its introduced invasive counterpart.  In contrast, the higher E rates at T ≤ 25 °C relative 
to Amax (for the introduced invasive relative to the native lineage) resulted in a 
significantly lower WUE, suggesting the potential for invasive P. australis to further 
impact the water balance though increased rates of water loss through the stomata.  These 
results are consistent with what has been observed for community-level ET rates (Burba 
et al. 1999; Sanchéz-Carrillo et al. 2004; Cutrell 2010), where native vegetation had 
28%, 44%, and 11% lower rates of evapotranspiration compared to the invasive P. 
australis. 
The addition of N resulted in a significant increase in Amax in both native and 
introduced invasive P. australis. Native fertilized plants displayed the highest Amax rates 
in response to the increase in temperature. Stomatal conductance, Vcmax, and Jmax are 
among the major factors that can affect leaf Amax (Long and Bernacchi 2003), and our 
results showed increased rates of Vcmax and Jmax with an increase in temperature and 
fertilization.  Wright et al. (2001) and Kochsiek et al. (2006) suggested that 
photosynthetic enzyme production increases with higher N content, enabling plants to 
maintain higher rates of photosynthesis. These findings are consistent with what has been 
observed in the literature for other grasses in response to N (Ainsworth et al. 2003; 
Centritto et al. 2009) and temperature manipulations (Kathilankal et al. 2011).  
 
3.4.2 Native vs. introduced invasive P. australis and their ecological significance 
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The results have demonstrated that although both the native and introduced 
invasive P. australis have shown generally similar positive responses to fertilization and 
temperature, there were inherent differences that might result in changes in resource 
uptake and the ability of these two lineages to expand and outcompete others. Native P. 
australis was characterized by lower E and higher WUE at temperatures ≤ 25 °C relative 
to the introduced invasive (in the absence of N fertilization), as well as slower growth 
rates (indicated by the lower SLA). These traits might be associated with a better ability 
to deal with water shortages, especially early in the growing season – a result which 
merits further investigation. In contrast, a fast growth rate, higher investment in leaf area 
(i.e., higher SLA), and low WUE are traits generally observed in invasive plants 
(Mozdzer and Zieman 2010), resulting in greater carbon assimilation on a whole-plant 
level. This gives the invasive P. australis an advantage under favorable conditions and 
results in further displacement of native communities in water-saturated habitats. 
Fertilization had positive impacts on both lineages in terms of N content, gas 
exchange, and intrinsic water use efficiency (shown by δ13C). On the other hand, while 
SLA and PNUE (a measure of carbon gain per unit of leaf nitrogen used, A/N) improved 
with fertilization in the native P. australis, they declined in its invasive counterpart. SLA 
and PNUE have been recognized in the literature as important leaf traits for 
characterizing species in relation to their leaf physiology and resource uptake strategy 
(Hikosaka 2004). High PNUE may have important ecological significance, since it 
facilitates higher growth rates under adequate N supply and maintains plant function 
under N deficiency (Wedin 2004; Kochsiek et al. 2006).  The decline in PNUE for the 
invasive lineage is in agreement with what has been reported in the literature – namely 
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that invasive introduced P. australis requires up to four times the amount of nitrogen to 
succeed compared with its native counterpart (Mozdzer and Zieman 2010; Kettenring et 
al. 2011).  Additionally, higher Amax (at ≥ 25 °C), δ13C, WUE, PNUE, and SLA in native 
compared to the introduce invasive P. australis in response to N fertilization suggest that 
the native P. australis is better adapted to warmer conditions and water fluctuations and 
that it is more able to take advantage of increasing N in waterways (up to a certain point). 
Although commonly used in climate change research, greenhouse studies which 
aim to investigate plant responses to temperature and resource availability have obvious 
limitations. Nevertheless, our results have shown that the two lineages respond 
differently to temperature and N addition, which can potentially impact species 
distribution and competitive ability under potential climate change scenarios for the 
region.   
This study revealed the dramatic changes that can occur when nitrogen fertilizer is 
applied to P. australis. Obvious limitations are inherent with any greenhouse 
experiments. 32 L pots may not have been big enough to allow the dense root system of 
P. australis to grow as large as in nature, but since this study was simply looking at leaf 
level processes, hopefully these concerns will be limited. Other factors effecting P. 
australis in nature, such as wind and biotic predators were not present in this greenhouse 
study. 
 
 
 
Chapter 4 
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Modeling Phragmites australis using Agro-IBIS 
 
4.1 Introduction 
 Although an energy balance study has been completed for a wetland along 
the Republican River, identical herbicide treatments to eradicate and eliminate 
Phragmites australis are ongoing throughout the Platte and Republican River basins in 
Nebraska. To be able to successfully predict how this widespread Phragmites 
extermination will impact the energy and water balance of the river basins of Nebraska, a 
complex dynamic vegetation model was needed to simulate the processes seen at our 
wetland field site.  
However, the goal of this thesis was not to actually simulate the model over the 
Platte and Republican River basins, but to merely validate the vegetation model at a site 
level. Agro-IBIS can then be used in the future to accurately simulate Phragmites 
australis and the impacts of its removal on the water balance of Nebraska. As well as 
determine the relative roles of climate and vegetation type of the energy balance of the 
wetland field site. 
 
4.2 Model Description 
The model used in this study is named IBIS (Integrated BIosphere Simulator). 
IBIS is a dynamic global-vegetation model that was first developed and used by Foley et 
al. in 1996. IBIS integrates hydrological, physiological, biophysical and ecological 
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processes in one, consistent model framework (Foley et al., 1996). The model performs 
assessments of water and carbon balance, as well as vegetation structure on both global 
and regional scales. IBIS is able to explicitly represent competition between plant 
functional types, and can characterize their responses to global change drivers, such as 
land use changes, variations in temperature and CO2 concentrations.  
 The structure of IBIS links many different physical and chemical processes across 
varying time scales. Fast responses include fluxes of energy, water and momentum, and 
canopy physiology processes such as photosynthesis and respiration. Medium responses 
contain vegetation phenology processes that involve leafout, senescence and dormancy. 
And slow responses incorporate vegetation growth and above and below ground carbon 
and nitrogen cycling. IBIS can be run with a gridded climate data set or with site-specific 
meteorological data, both at a 60-minute time step. 
 In the past, IBIS has been utilized for a variety of studies. The model has been 
used to examine the effects of decreased solar radiation (Naik et al., 2003), the effects of 
deforestation (Coe et al., 2009) and climate effects on biodiversity (Higgins 2007). IBIS 
has been coupled with various land surface models, such as the GENESIS-2 GCM (Foley 
et al., 1998), CCM3 “Climate Community Model” (Delire et al., 2002), GENESIS 
(Berbet and Costa 2003), HadCM3 (Higgins 2004), and INCCA (Govindamesy et al., 
2005). IBIS has also been coupled with hydrology models including HYDRA (Twine et 
al., 2005), and THMB (Li et al., 2007). IBIS has also been validated on regional and site-
specific scales (Winter et al., 2009), (Kucharik and Twine, 2007). 
 For this study, the model was run first at a single site to calibrate and validate the 
model. Specific physiological parameters to define Phragmites australis in the model 
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were determined from greenhouse growth experiments (Chapter 3). Other parameters that 
could not be measured were adjusted in the model to attain the best correlation between 
the simulated and observed data sets.  As inputs for the model runs, we used site-level 
data from our wetland field site Bowen ratio towers. Required inputs were hourly values 
of air temperature (˚C), incoming solar radiation (W m-2), wind speed (m s-1), relative 
humidity (%) and precipitation (mm). Hourly data from the field site was available for 
2009 and 2010. 
 For the site-specific model runs, a few parameters in the model were altered to 
match those found at the wetland field site. Soil texture for the wetland was defined as 
silt-loam. Elevation above sea level for the field site was set at 640 m. Initial CO2 
concentration was set at 380 ppm, and initial O2 concentration was set at 209 ppt. 
Latitude and longitude for the field site was defined as 40˚18’ N and 99˚58’W. As 
mentioned in Chapter 3, other physiological parameters were input into the model to 
better simulate the energy and water balance, as well as other physical attributes of the 
Phragmites, such as LAI and plant height. Maximum plant height and maximum LAI are 
required as inputs for Agro-IBIS. Field measurements done during the 2009 growing 
season specified that maximum LAI to be 5.4 and the maximum plant height as 4.2 m. 
Physiological parameters, such as maximum carboxylic velocity (Vcmax) at 15 ˚C, 
quantum efficiency (Φ), and specific leaf area (SLA) are also required as inputs for the 
specific plant type that is being grown in the model. These values were measured during 
the Phragmites greenhouse experiments, and to attain an accurate value for input for a 
“Phragmites” plant type, an average between values of Invasive-fertilized and Invasive-
nonfertilized was used in the model. This was done because the Phragmites at the 
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wetland field site was known to be invasive, but it was not determined whether this field 
site had been effectively fertilized by the surrounding agricultural fields. Other 
parameters in the model were altered to attain the best correlation to observed energy 
balance values from the wetland site during 2009 and during 2010. These values included 
GDD required for leaf emergence, LAI decline, plant browning and plant maturity, as 
well as rates of LAI decline and the percentage of carbon allocated to the leaves. The 
plant or “plant functional type” (PFT) used in the model was based on a switchgrass PFT 
created by Andy VanLoocke at the University of Illinois (VanLoocke et al., 2010). 
Switchgrass is very similar to Phragmites australis in that they are both large perennial 
warm season grasses. Table 6 shows a breakdown of the different parameters changed in 
the model to adjust the model from a Switchgrass PFT to a P. australis PFT. Also, an 
additional groundwater component was added to the model by Evren Soylu (Soylu et al., 
2011). This groundwater component simulates constant surface groundwater in the 
model, essentially simulating the wetland conditions found at our field site. This addition 
was needed to attain the rates of latent heat flux observed at our field site in the model. 
And finally, it should be noted that P. australis was set as a C4 plant in Agro-IBIS for our 
model runs, even though it has been noted previously that P. australis is a C3 species. 
This was done because a C3 plant setting in the model was not capable of simulating the 
rates of ET that we observed at our field site for the 2009 season.  
 To justify the decision to simulate P. australis as a C4 plant in Agro-IBIS, a 
further explanation is warranted. P. australis is generally known as a C3 species, 
although it has shown characteristics of C4 species in previous studies (Rintamaki and 
Aro 1985; Zheng et al., 2000). Young P. australis leaves have been shown to 
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occasionally have bundle sheath chloroplasts, normally indicative of C4 plants 
(Antonielli et al. 2001) During initial model testing, observed rates of latent heat flux 
correlated best with those found with modeled corn, a C4 species. It is also possible that 
the significant addition of evaporation found at the wetland field site increased observed 
ET rates to levels usually seen in C4 plant species, but this is difficult to determine with 
absolute certainty.    
 An additional procedure was done with Agro-IBIS in an attempt to simulate the 
removal of vegetation during the 2010 season, and in an effort to quantify the impact of 
land cover change on water and energy balance in the model. A variable in Agro-IBIS 
named “greenfracl” is initially set at 0 in the model when there is no vegetation growing 
early in the season. When plants are allowed to grow, this value increases at a constant 
daily rate, until the value reaches 1, when the canopy is completely green, which allows 
photosynthesis to occur, as well as LAI accumulation and transpiration. The adjustment 
in the model was to simply force “greenfracl” to remain at 0 for the entire season, 
simulating the removal of all vegetation from the wetland. 
 
4.3 Model Adjustments 
 
 A few additional modifications were made to Agro-IBIS during this study, some 
were made to specify the model for our particular wetland field site, while some other 
modifications were made because inaccuracies were discovered in the model that would 
impact it’s use in all environments. The function used for fractional cover of vegetation 
in the model “fl(i)” (Equation 14) 
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                                                                                                          !" ! = !"!#$!"(!)/1.0                                                   (14) 
wasn’t representative of the field site being studied in this investigation. 
So a new equation was implemented that better represented the increase in 
fractional coverage during the season when the plants were growing and when there were 
only dead P. australis stalks in the wetland (Equation 15). “fstems” and “fbaresoil” are 
adjustable parameters depending on the vegetation composition of the field site being 
studied. This representation of fractional cover allowed for a more inclusive depiction of 
the stem density, which is very significant with P. australis.  
                                       !"#$%" ! = 0.06                                (15) 
!"#$%&'() ! = 0.03 
!"#$%&' ! = 1.0 = !"#$%" ! − !"#$%&'() !  
!" ! = !"#$%" ! + !"#$%&' ! ∗min  (1.0, !"# !, 1 )     
 Where “lai(i,1)” is an adjusted term representing the total LAI of the grid cell, 
including brown LAI (Equation 16). 
!"# !, 1 =   !"#$ ! + !"#$ !, 17 ∗ 1− !"#$ !
!"#$%(!")
,      (16) 
  blai(i) is the “brown or dead LAI” , and plai(i,17) is the green LAI of P. 
australis, which begins at 0 and peaks at 5.42 (laimx(17)) when the plants allowed to 
grow. The original equation for lai(i,1) in IBIS did not account for brown LAI at all 
(Equation 17). 
                                    !"# !, 1 =   !"#$!%$/!"(!)                                    (17) 
 Blai(i), or brown LAI is a new variable introduced into the model to account for 
the dead biomass that may be shading the wetland and affecting aerodynamic processes 
in the wetland when P. australis is not growing.  A function was added to set the initial 
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“blai” at a constant, then as the growing season progressed and green vegetation began to 
grow in , the amount of blai would linearly decrease until a minimum was reached 
(Equation 18). 
                           !"   !""8!ℎ!" !   .!". 1270.0   !ℎ!"                                         (18) 
                               !"#$ ! = max !"#$%$& ! , !"#$ ! − !"#$%&'"$(& !  
                              !"#! 
                                !"#$ ! =   1.5 
                               !"#  !" 
 “blaimin(i)” is the minimum blai in the model, while “blaidecline(i)” is the linear 
rate of blai decline during the season. 
 Also, in a futhur attempt to better represent the role of dead, brown vegetation on 
the energy balance of the wetland, a few new variables were created. The first one being 
“bsai” or brown stem area index, which is defined as a 8.5*blai(i) for 2010 simulations, 
and 6.0 * blai(i) for 2009 simulations. A new variable was also created representing the 
total stem area index, or “totsai”, defined as bsai + sai. And finally, a variable was created 
to fully account for both the total stem area index and the total leaf area index, “pai” or 
plant area index which is equal to: 
                                                          !"# !, 1 =   !"!#$% !, 1 +   !"#$%"& ! ∗ !"#(!, 1)                    (19) 
 Where “paifrac” is the fraction of total LAI accounted for in the “pai” term, equal 
to 0.2 in these simulations. 
 Two new fractional cover variables were also added to the model as well. 
“Brownfracl” (Equation 20), which is the fraction of the canopy comprised of brown, 
dead vegetation,  
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                   !"#$%&"'()(!)   =   1  −   (!"#$(!, 17)  /  !"#(!, 1)),               (20) 
where plai(i,17) is the green lai of P. australis and “totgreenfracl” (Equation 21)  is the 
fraction of the entire canopy that is green, accounting for brown vegetation, which 
greenfracl did not. 
!"!#$%%&'$()*(!)   =   !"##$%"!"#(!)   ∗   (1  −   !"#$%&"'()(!))         (21) 
 Also, since P. australis are comprised of tall, thick stems, the model was altered 
to better account for the stem area index or SAI, of these stands in the model (Equation 
22). This alteration is needed especially when the P. australis is dead, like during the 
2010 season, because the entire biomass of the plant is comprised of stems, not leaves.  
                    !"# !, 1 =   0.20   ∗   !"#$ !, 13 +   0.10   ∗   !"#$ !, 14 +   0.20   ∗   !"#$ !, 15 +
  0.10   ∗   !!"# !, 16 +   0.10   ∗   !"#$(!, 17)   +   0.40   ∗   !"#$(!)                            (22)  
 To more accurately simulate observed plant heights during the 2009 season, the 
equation in the model for plant height was also altered slightly. From the original 
equation (Equation 23) to the new modified equation (Equation 24).  
!"#$ !, 1 = !"#$ !,!"
!"# !,!
∗ !"#$%&'( ∗ (min !"#$ !,!"
!"#$% !"
− 1.5 , 1.0))^2                     (23) 
!"#$ !, 1 = !"#$ !,!"
!"# !,!
∗ !"!"#$%& ∗ !"#, !"#$ !,!"
!"#$% !"
− 1.5 , 1.0))^0.48            (24) 
 Where “ztopmxsg” is the variable denoting the maximum plant height of P. 
australis in the model, which was set at 4.2 m. 
Several changes to the albedo in the model were also needed to further calibrate 
the albedo output to what was observed at the wetland field site. Albsod, the albedo of the 
soil, was set at a constant 0.07, to better simulate the standing water conditions that were 
present at the field site. Also, to more accurately simulate the radiation balance in the 
wetland, transmittance and reflectance values for visible and Near Infrared (NIR) light 
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for brown leaves were adjusted to be identical for those values used for green leaves in 
the model. Finally, during simulations it was noticed that the incoming IR radiation was 
being considerably underestimated in IBIS, compared to observations at the field site. 
Since the incoming IR flux is a supplied variable in the model, I found it best to modify 
the incoming IR radiation in the model to better match the observations seen in the field. 
A linear regression was performed between model output and observations for the 2009 
and 2010 growing seasons, and a linear equation was determined to adjust the modeled 
incoming IR flux to match observations (Equation 25). 
                                                                                    !"#$ ! =   0.6744 ∗ !"#$ ! + 129.82                             (25) 
 
4.4 Results 
 
4.4.1 2009 Validation 
Figure 31 displays the energy balance and albedo comparisons for the observed 
2009 growing season and the modeled IBIS results for live P. australis during 2009. 
Special consideration when adjusting the model was given to most accurately simulate, 
latent heat flux, sensible heat flux, and albedo. As a result, these three variables show the 
highest correlation to observed values for 2009 r2 = 0.903, 0.812 and 0.433, respectively, 
for 5-day running means, although net radiation also shows a fairly high amount of 
agreement (r2 = 0.975) (Figure 31e). Partitioning of energy early in the season was still 
slightly inaccurate, with an overestimation in latent heat flux (Figure 31a) and subsequent 
under estimation in sensible heat flux Figure 31b). A consistent season-long 
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underestimation is apparent in net radiation, the majority of which is due to an 
overestimation in outgoing longwave radiation in the model.  
 
4.4.2 2010 Validation 
 Figure 32 displays the energy balance components for the 2010 observations at 
the wetland field site, and the 2010 results for the model runs tuned to most accurately 
simulate a dead-P. australis environment in the wetland. These model runs included no 
growing green vegetation (greenfracl = 0) and a higher amount of brown stem area index 
than runs specified for agreement with a live P. australis environment. Once again, 
highest consideration for adjusting the model was given to latent heat flux, sensible heat 
flux, and albedo, r2 = 0.709, 0.230, and 0.048, respectively. Net radiation had a high 
correlation with observed results, r2 = 0.925. In general, latent heat flux had no consistent 
bias compared with observed results, while modeled sensible heat flux results were 
generally underestimated when compared with results, especially later in the season 
(Figure 32b), resulting in a consistent underestimation in the Bowen Ratio (H/LE) as well 
(Figure 32d). The same overestimation in outgoing longwave radiation was present 
during the 2010 dead-P. australis environment, resulting in a consistent underestimation 
in net radiation (Figure 32e), even albedo is fairly accurate during the growing season, 
with no consistent overestimation that would lead to an underestimation in net radiation 
(Figure 32f). 
 
4.4.3 Interannual Variability (Climate Effects) 
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 Figure 33 shows the energy balance components for two sets of modeled 
simulations and observations for the 2009 and 2010 seasons. 2009 modeled results are 
from the live P. australis simulations, intended to accurately simulate the 2009 season as 
much as possible, while the 2010 modeled results are from the dead P. australis 
simulations, intended to most accurately simulate the 2010 season. Comparisons between 
the 2009 modeled and observed and 2010 modeled and observed results have already 
been reviewed in sections 4.4.1 and 4.4.2, this section is intended to compare interannual 
differences to see how IBIS would simulate the killing of the P. australis vegetation at 
the end of the 2009 season how that would affect the energy balance. The results show 
that the model correctly predicts a drop in latent heat flux, a 28% modeled decrease 
compared with a 33% observed decrease (Figure 33a). As well as an increase in sensible 
heat flux, a 132% modeled increase compared with a 134% observed increase (Figure 
33b), as well as a drop in albedo (Figure 33f), due to the greater exposure of open water 
in the wetland in the dead-P. australis environment, although no consistent change in net 
radiation is noticeable (Figure 33e). 
 
4.4.4 Effects of Mid-Season Herbicide Spraying (2009) 
 During analysis of the 2009 live P. australis simulations, it was determined that 
an abrupt, unnatural drop off in LAI late in the season was needed to accurately simulate 
the energy balance of the wetland during that year, even though it has been previously 
stated that the wetland showed no immediate effects of herbicide spraying during the 
2009 season (Cutrell, 2010).  As a result, a second set of simulations was conducted with 
a more natural decrease in LAI during the later part of the season. A comparison of the 
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two simulations is seen in Figure 34. As a result of the spraying of the P. australis, a 
noticeable decrease in latent heat flux is present later in the growing season, as well as a 
slight increase in sensible heat flux (Figure 34 a and b). Even more noticeable is a change 
associated with a latent heat flux, a sizeable increase in evaporation (Figure 34c) and 
decrease in transpiration (Figure 34d). Also, a decrease in albedo resulted from increased 
thinning of the canopy after spraying, revealing more open water to solar radiation 
(Figure 34f). 
 
4.4.5 Response to Vegetation Removal (2010) 
 Figure 35 shows the results of two simulations, one with live P. australis, one 
with dead P. australis.  No other parameters changed between these two simulations 
besides the condition of the vegetation. The two year (2009-2010) average results are 
depicted in Figure 35. A sizeable decrease in latent heat flux (44.6%)(Figure 35a) occurs 
when P. australis is killed in the wetland, as well as a significant increase in sensible heat 
flux (171%)(Figure 35b). The drop in latent heat flux is largely a result of there being 
zero transpiration in the dead P. australis environment (Figure 35d). It should also be 
noted that there was a noticeable decrease in net radiation in the dead P. australis 
environment (6.4%)(Figure 35e), even though there was actually a decrease in albedo 
(Figure 35f). This is a result of a significant increase in outgoing longwave radiation due 
to the lack of transpirative cooling, and subsequent higher surface temperatures in the 
dead P. australis environment. 
 
4.5 Discussion and Conclusions 
	  
63	  
 The goal of this chapter was to develop and validate a PFT in Agro-IBIS that 
accurately modeled P. australis in a wetland environment. As well as evaluate the 
relative roles of climate vs. land cover type on the water and energy balance of the 
wetland. To do this, an existing Switchgrass PFT was modified with measured 
parameters from the wetland field site and physiological parameters from greenhouse 
growth experiments, along with other parameters that were “adjusted” in the model to 
attain the best correlations with observed energy balance data.  
 Three different simulations were used in this analysis. The first simulation was 
adjusted to attain the highest degree of correlation with observed 2009 energy balance 
data. This simulation agreed very well with observed latent heat flux data, as well as 
observed sensible heat flux data. A slight underestimation was observed in simulated net 
radiation results (Figure 31). The second simulation was adjusted to agree with the 
observed results from the 2009 growing season, but with a modified, more natural 
decrease in LAI not seen at the field site in 2009 due to herbicide spraying in July of that 
year. This simulation was identical with the first simulation until later in the season when 
“herbicide spraying” began to affect the first simulation. As a result, rates of latent heat 
flux (especially transpiration), decreased and rates of sensible heat flux increased slightly 
(Figure 33). The third simulation was adjusted to attain the highest level of agreement 
with observed 2010 field data, when the P. australis located in the wetland was 
completely dead. These results also compared very well with observed latent and sensible 
heat flux data. Slight underestimations were observed with sensible heat flux and net 
radiation data (Figure 32). Other site level Agro-IBIS simulations observed small 
underestimations in net radiation during the growing season, (Kucharik and Twine, 
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2007).  Kucharik and Twine also found that sensible heat flux was underestimated early 
in the growing season.  
After these three sets of simulations were run, comparisons were made between 
them to determine the relative roles of climate and land cover type on the energy balance 
of the wetland. Figure 33, as well as Table 7, show the role that climate played in 
changing the energy balance between 2009 and 2010. Both environments (live P. 
australis and dead P. australis, show a slight increase in net radiation, latent heat flux, 
sensible heat flux and a drastic increase in the heat storage rate (Table 7). Showing that 
the decrease in latent heat flux observed in 2010 might have been mitigated somewhat by 
more favorable conditions for latent heat flux during the 2010 season, suggesting the 
observed “water savings” may have been an underestimation. 
Figure 35, in addition to Table 8, illustrate the role that the change in land cover 
had on the energy balance in the wetland. Large decreases in latent heat flux and large 
increases in sensible heat flux resulted from the killing of P. australis between 
simulations. The magnitude of which is much greater than the climatic differences 
between seasons seen in Table 7. Killing of P. australis in the wetland caused a slight 
decrease in net radiation, a large decrease in latent heat flux, and large increases in 
sensible heat flux and heat storage rate (Table 8).  
 The simulated removal of vegetation provided a method to evaluate the roles of 
climate and land cover type on the water and energy balance of the wetland. It was 
determined that land cover type is much more influential over the energy and water 
balance than interannual climatic differences. Meaning the water savings reported earlier, 
which was calculated by simply determining the difference between the 2009 and 2010 
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observed latent heat flux data, may have underestimated the actual water savings of 
eradicating the vegetation (Table 9).  
 Using this plant type in Agro-IBIS, validated with field site data, future users will 
be able to accurately model the potential water and energy balance effects of the removal 
of Phragmites australis for riparian zones over the entire state of Nebraska 
	  
Chapter 5 
Summary and Conclusions 
Understanding the effects of removing Phragmites australis (Common Reed) on 
the water and energy balance of a riparian wetland was the main focus of this thesis. Due 
to decreasing surface water levels on the Republican River, along with other 
environmental concerns, the state of Nebraska has spent $2 million a year in an effort to 
remove Phragmites australis, Tamarix (Salt Cedar) and Elaeagnus angustifolia (Russian 
Olive), from riparian zones along the Platte and Republican rivers since 2007. The 
wetland field site used in this study is located along the Republican River, in south-
central Nebraska, near Arapahoe. In 2009, the wetland was comprised of 52% 
Phragmites australis, 31% native Typha latifolia (Cattail), 8% native Juncus effuses 
(Common Rush), and 9% open water. However, the focus of this study is the 2010 
growing season, when all of the Phragmites australis in the wetland was killed by 
herbicide spraying in July 2009. The 2010 growing season was defined to be the same 
time frame as 2009 to be consistent, April 11-October 3. April 2010 was characterized by 
well above average precipitation, while May, July, September and October of 2010 were 
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characterized by well below average precipitation. May was also characterized by well 
below average temperatures. This thesis was written in three main chapters. 
• Energy and Water Balance Response from the removal of Phragmites australis 
(Chapter 2) 
• Physiological Response of Invasive and Native Phragmites australis to 
Temperature Change and Nitrogen Fertilization (Chapter 3) 
• Modeling Phragmites australis using Agro-IBIS (Chapter 4) 
 
In Chapter 2, in order to measure the effects that the removal of P. australis 
had on the water and energy balance of the wetland, the energy balance method was used, 
which involved measuring directly net radiation (Rn), heat storage term (∆S/∆t) and 
sensible heat flux (H). Then, latent heat flux (LE) or evapotranspiration (ET), is 
calculated as a residual of the energy balance equation LE = Rn –H - ∆S/∆t. The removal 
of P. australis created a noticeable temperature difference across the wetland during 
2010, with the area of dead vegetation being slightly warmer than the area with live, 
native vegetation for a majority of the growing season. There was also a noticeable 
increase in incoming shortwave radiation during 2010, but this is most likely caused by 
decreases in cloud cover. A noticeable increase in incoming longwave radiation was also 
caused by increased atmospheric temperatures during the 2010 season. A decrease in 
albedo over the P. australis section of the wetland during the 2010 season was due to the 
fact that more surface water in the wetland was open to absorb incoming solar radiation, 
as opposed to 2009, when a relatively lighter colored P. australis canopy was covering 
most of the surface water of the wetland.  
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Net radiation stayed pretty much constant between 2009 and 2010, while the 
rest of the energy balance components changed fairly significantly during the 2010 
season. Removal of the P. australis vegetation caused a 132% increase in sensible heat 
flux (H) during the 2010 season, while a 32% decrease was seen in latent heat flux (LE) 
during 2010. Large increases in water heat storage were also found during 2010, which is 
mainly due to the fact that more direct solar radiation was heating the water column 
during 2010 compared with 2009.  
In Chapter 3, greenhouse growth experiments were conducted on both native 
and invasive Phragmites australis, taken from field sites in Nebraska. Half of each set of 
P. australis plants were subjected to nitrogen fertilization at two different times. Leaf 
level physiological parameters were measured using the Li-Cor 6400 gas-exchange 
analyzer at three different temperatures 19, 25, and 32 ˚C. Parameters such as maximum 
photosynthetic rates (Amax), dark respiration (Rd), transpiration rates (E) and stomatal 
conductance (gs) were measured directly, while maximum carboxylation velocity (Vcmax), 
maximum rate of electron transport (Jmax), and apparent quantum yield (Φ) were 
calculated using the measured data. 
Values recorded for Amax, E, gs  and Φ were comparable to those found in the 
literature.  Values recorded for Vcmax in this study were considerably greater than those 
reported in the literature for P. australis but were still within the range reported for grass 
and other C3 species in the literature. Our results showed decreased rates of Vcmax and 
Jmax in the absence of N. These findings are consistent with what has been observed in 
perennial ryegrass (Lolium perenne) under low nitrogen conditions. With regards to 
	  
68	  
temperature, our data showed an increase in Vcmax and Jmax in response to increased 
temperature.  
Increasing temperatures in the absence of N addition or fertilization did not result 
in a significant enhancement in net Amax (net photosynthesis is the difference between 
gross photosynthesis and respiration) in both native and invasive plants. Temperature 
increase (within a limit, dependent on species and temperature), is known to have a 
positive impacts on gross photosynthesis, as shown in the increases in Fv/Fm, Vcmax and 
Jmax, however this increase is generally masked by the simultaneous increase in dark 
respiration (Rd), as was observed in this study, and in the increase in photorespiration in 
C3 plants.  Increase in temperature resulted in an increase in E in both varieties as well. 
This increase in E, and in the absence of significant changes in Amax resulted in a 
significant decline in WUE. Which leads into the conclusion that increasing temperatures 
will further exasperate the impact of P. australis on water balance though increased E 
rates.  Given the inherent lower gs and E, and higher (less negative) C13δ and resulting 
higher WUE in native relative to invasive P. australis, native varieties will have a lower 
impact on water balance then their invasive counterpart.   
The addition of N resulted in a significant increase in Amax in both native and 
invasive varieties. Native fertilized plants displayed the highest Amax rates in response to 
the increase in temperatures. 
 Results have demonstrated that although the two varieties have shown general 
similar positive responses to fertilization and increase in temperature. There were 
however inherent differences that might result in changes in resources uptake and ability 
of these two species to continue to expend and outcompete others. Relative to invasive, 
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and in the absence of fertilization, native variety (although responded similarly to the 
increase in temperature and had similar Amax), was characterized by lower E and higher 
WUE at temperatures ≤ 25 °C, and slower growth rate shown by the lower SLA in this 
species in the absence of fertilization, these traits might be associated with better ability 
to deal with water shortages especially early in the growing season. This merits further 
investigation. On the other hand the fast growth rate, higher investment in leaf area (i.e., 
higher SLA) and low WUE are traits generally observed in invasive plants  and would 
result in greater carbon assimilation on a plant level, this would put the invasive P. 
autralis at an advantage under favorable conditions and will result in further replacement 
of native communities in water saturated habitats.  Fertilization has been shown to have 
positive impacts on both varieties, however, the higher Amax at ≥ 25 °C and the higher 
δ13C and SLA might benefit the native more relative to the invasive species, suggesting 
native P. australis is better adapted to warmer and drier conditions. 
In Chapter 4, Agro-IBIS was used to simulate the latent heat flux of the wetland 
for the 2009 and 2010 growing seasons. As well as assess the relative roles of climate vs. 
land cover type on the water and energy balance. Measured physical parameters out at the 
wetland field site, as well as measured physiological parameters from the greenhouse 
growth experiments were used as inputs into the model to better simulate the transpirative 
characteristics of P. australis. Several parameters in IBIS were either altered or added to 
be able to better simulate a wetland comprised entirely of dead vegetation, including a 
better representation of brown LAI and brown stem area index, adjusted brown leaf 
albedo values, and more detailed representation of the overall composition of the wetland 
both live and dead vegetation. The resulting model runs from the input of different 
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measured and adjusted parameters in the model was a relatively good agreement between 
the observed and modeled latent heat flux and sensible heat flux for both 2009 and 2010. 
Herbicide spraying at the end of the 2009 growing season had a minimal effect on the 
overall energy balance of the wetland. 
It was found that land cover type has a much greater impact on the water and 
energy balance than interannual climate differences. Using a dead vegetation simulation 
large decreases in latent heat flux were simulated, as well as large increases in sensible 
heat flux and heat storage rates. Also discovered was that previously calculated “water 
savings” observed from field data may be underestimated, due to the fact that observed 
decreases in latent heat flux during 2010 may have been somewhat mitigated by a more 
favorable growing season for latent heat flux. 
Results from this thesis suggest that the removal of Phragmites australis could 
have a positive impact on the water balance in riparian areas in Nebraska, at least during 
the first year after removal. Whether these water savings continue will be a matter of 
what vegetation, if any, grows back to replace P. australis, or if P. australis simply re-
invades the area if no further herbicide treatment is applied. Other studies have revealed 
(Cutrell 2010, Sanchez et al., 1994, Burba et al., 199b) that P. australis has significantly 
higher rates of transpiration that other native wetland species. So, if a native species were 
to take over in the wetland, there would still be water savings, but not as much as with 
open water. This thesis can also conclude that there are significant physiological 
differences between native and invasive P. australis found in Nebraska, and that 
temperature and nitrogen content in the surrounding environment can have a big impact 
on growth behavior. It is concluded that, given a non-fertilized environment, invasive P. 
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australis transpires at much higher rates that native P. australis, suggesting that the 
invasive variety would indeed have a larger impact on the surface and subsurface water 
balance if left unchecked. Model results suggest that potential water savings of P. 
australis eradication could be on the order of 344 mm/m2 the first year after removal. 
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Tables	  
	  
	  
Measurement	   Height	  (m)	   Maximum	  Uncertainty	  
Wind	  Speed	   6.3	   1%	  or	  (≥±0.3	  ms-­‐1)	  
Wind	  Direction	   6.3	   ±	  3˚	  
Upper	  aspirated	  temperature/RH	   5.9	   ± 0.01 ˚C, ± 4% RH 
Lower	  aspirated	  temperature/RH	   4.1	   ± 0.01 ˚C, ± 4% RH	  
Canopy	  Temperature/RH	   2.2	   ± 0.4 ˚C, ± 3% RH 
Net	  Radiation	   5.0	   ± < 10% daily 
Radiometric	  surface	  temperature	   5.0	   ± 0.5 ˚C 
Incoming	  solar	  radiation	   5.8	   ± 10% daily 
Barometric	  pressure	   3.2	   ± 2.5 hPa 
Digital	  camera	   4.9	   NA	  
Rainfall	  rate	   4.2	   ± 0-5% (20 to 30 mm/hr) 
Soil/water	  temperature	   ~0.5	  to	  -­‐0.75	   ± 0.2 ˚C 
Soil	  specific	  heat	   NA	   5%	  
Thermal	  conductivity	   NA	   5%	  
Table 1. Measurement heights (m) of the meteorological instruments at the P. australis 
station relative to the soil/water interface. Maximum uncertainties are also shown (from 
manufacturer). 
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Table	  2.	  Season-­‐long	  averages	  (Apr	  11-­‐Oct	  3)	  for	  the	  2009	  and	  2010	  growing	  
seasons	  for	  meteorological	  variables.	  Values	  were	  calculated	  by	  averaging	  the	  
season-­‐long	  averages	  of	  both	  meteorological	  stations	  in	  the	  wetland.	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Table 3. Season long average (Apr 11-Oct 3) energy balance components for the 2009 
and 2010. Data is from the P. australis meteorological tower only. 
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Table 4. Spatial differences between P. australis and native portions of the wetland for 
both 2009 and 2010, total growing season differences are in parentheses. 
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Table 5. Analysis	  of	  variance	  table	  for	  Photosynthesis	  (Am
ax),	  stom
atal	  conductance	  (gs),	  transpiration	  (E),	  
w
ater	  use	  efficiency	  (W
UE),	  dark	  respiration	  (Rd),	  quantum
	  yield	  (Φ
),	  m
axim
um
	  photochem
ical	  
efficiency	  of	  photosystem
	  II	  (F
v /F
m ),	  m
axim
um
	  carboxylation	  velocity	  (Vcm
ax),	  m
axim
um
	  rate	  of	  
electron	  transport	  (Jm
ax ),	  and	  Ci/Ca	  for	  native	  and	  invasive	  non-­‐native	  Phragm
ites	  Australis	  plants	  
(Variety),	  N
	  application	  (Fertilization)	  and	  Tem
perature.	  P-­‐values	  <	  0.05	  are	  statistically	  significant. 
Source 
A
 
g
s  
E 
W
U
E 
R
d 
!
 
F
v /F
m  
V
cm
ax  
Jm
ax  
ci/ca 
V
ariety 
0.028 
0.283 
0.011 
0.001 
0.042 
0.344 
0.704 
0.004 
0.002 
0.702 
Fertilization 
0.0001 
0.0001 
0.0001 
0.0001 
0.004 
0.0001 
0.0001 
0.005 
0.0001 
0.592 
Tem
perature 
0.0001 
0.026 
0.0001 
0.0001 
0.0001 
0.228 
0.0001 
0.001 
0.0001 
0.0001 
V
ariety * Fertilization 
0.015 
0.0001 
0.0001 
0.0001 
0.564 
0.814 
0.394 
0.803 
0.028 
0.0001 
V
ariety * Tem
perature 
0.012 
0.0001 
0.031 
0.033 
0.097 
0.471 
0.154 
0.302 
0.045 
0.0001 
Fertilization * Tem
perature 
0.252 
0.247 
0.192 
0.123 
0.130 
0.942 
0.0001 
0.165 
0.0001 
0.061 
V
ariety * Fertilization * Tem
perature 
0.588 
0.251 
0.457 
0.003 
0.716 
0.676 
0.007 
0.088 
0.0001 
0.020 
!
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*	  =	  measured	  variable	  
	  
Table 6. Specific measured and “adjusted” parameters that were altered in Agro-IBIS 
from the Switchgrass plant type developed by VanLoocke et al. 2010, and the 
“Phragmites” plant type developed by this study. 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Parameter Switchgrass Phragmites 
Max LAI 6.0 5.4* 
Max Plant Height 2.5 m 4.2 m* 
Rate of LAI Decline 0.5 5.0, 1.0 
Initial fraction C allocation to leaves 0.80 0.70 
GDD for Leaf Emergence 380 GDD 560 GDD 
Brown LAI 0.01 1.5, 0.9 
GDD for LAI Decline 1540 GDD 1270 GDD, 1540 GDD 
GDD for Plant Browning 2100 GDD 1900 GDD 
GDD for Plant Maturity 2800 GDD 2600 GDD 
Final LAI 0.01 1.0 
cgrass (aerodynamic coefficient) 0.01 1.0 
Vmax 18.0 !mol CO2/m2s 40.3 !mol CO2/m2s* 
SLA 12.7 m2/kg 16.1 m2/kg* 
Quantum Efficiency (!) 0.067 0.058* 
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Table	  7.	  Season	  long	  mean	  (Apr	  11-­‐Oct	  3)	  energy	  balance	  components	  for	  IBIS	  
simulations	  with	  P.	  australis	  and	  with	  dead	  P.	  australis,	  as	  well	  as	  observations	  
from	  the	  wetland	  field	  site.	  For	  both	  2009	  and	  2010.	  Interannual	  differences	  and	  
percent	  change	  are	  also	  displayed.	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Table	  8.	  Season	  long	  m
ean	  (Apr	  11-­‐Oct	  3)	  energy	  balance	  com
ponents	  for	  IBIS	  sim
ulations	  w
ith	  live	  P.	  
australis	  and	  w
ith	  dead	  P.	  australis,	  as	  w
ell	  as	  observations	  from
	  the	  w
etland	  field	  site.	  For	  both	  2009	  
and	  2010.	  Differences	  betw
een	  live	  P.	  australis	  and	  dead	  P.	  australis	  sim
ulations	  are	  show
n,	  as	  w
ell	  	  as	  
tw
o-­‐year	  m
eans	  for	  both	  sim
ulations.	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Table	  9.	  Season	  long	  averages	  (Apr	  11-­‐	  Oct	  3)	  for	  latent	  heat	  flux	  (W	  m-­‐2),	  and	  
total	  evapotranspiration	  (mm)	  for	  the	  season.	  As	  well	  as	  water	  savings	  (live-­‐dead	  
P.	  australis)	  (mm).	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Figures	  
	  
Figure	  1.	  Location	  of	  the	  study	  site	  (black	  box)	  in	  south-­‐central	  Nebraska	  and	  
satellite	  image	  of	  wetland	  on	  inset.	  The	  site	  latitude	  and	  longitude	  are	  40˚17.91’	  N	  
and	  99˚57.90’	  W.	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Figure	  2.	  Wetland	  map	  showing	  land	  cover	  classification	  and	  locations	  of	  the	  LAS	  
transmitter	  &	  LAS	  receiver	  (yellow),	  and	  two	  meteorological	  stations	  (purple).	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Figure	  3.	  Illustration	  of	  the	  methodology	  used	  to	  calculate	  the	  heat	  storage	  of	  the	  
wetland.	  Black	  lines	  represent	  the	  layer	  boundaries	  for	  each	  sensor,	  black	  dots	  
represent	  fixed	  temperature	  sensors	  and	  the	  gray	  dot	  represents	  the	  variable	  
surface	  water	  temperature	  float.	  (Cutrell,	  2010)	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Courtesy	  of	  Greg	  Cutrell	  
Figure	  4.	  Schematic	  diagram	  illustrating	  the	  calculations	  and	  procedures	  done	  by	  
the	  Large	  Aperture	  Scintillometer	  (LAS)	  and	  EVATION	  software	  in	  order	  to	  calculate	  
values	  of	  sensible	  heat	  flux.	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Figure	  5.	  The	  non-­‐quality	  controlled	  (QC)	  average	  growing	  season	  diurnal	  sensible	  
heat	  flux	  (green),	  after	  the	  first	  QC	  procedure	  (blue),	  and	  after	  second	  QC	  procedure	  
(red).	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Figure	  6.	  Linear	  regressions	  between	  10-­‐minute	  values	  of	  sensible	  heat	  flux	  (y-­‐
axis),	  and	  the	  product	  of	  net	  radiation	  and	  wind	  speed	  (Rn	  *	  U)	  for	  unstable	  periods	  
March-­‐April	  (a),	  May-­‐August	  (b),	  September	  (c),	  October	  (d)	  and	  for	  negative	  
Rn(nighttime)	  values	  (e)	  and	  wind	  speed	  alone	  for	  stable	  periods	  (f).	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Figure	  7.	  2010	  monthly	  mean	  air	  temperature	  (˚C)	  and	  monthly	  total	  precipitation	  
(mm),	  along	  with	  a	  box-­‐and-­‐whisker	  plot	  of	  30-­‐year	  mean	  climatology	  for	  the	  study	  
location.	  The	  2010	  data	  are	  taken	  from	  the	  wetland	  meteorological	  station	  (green)	  
and	  the	  Beaver	  City	  COOP	  station	  (blue),	  while	  the	  30-­‐year	  averages	  are	  from	  the	  
COOP	  station.	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Figure	  8.	  Wetland	  water	  level	  (Lt),	  daily	  cumulative	  precipitation(shaded	  grey)	  
(∑P),	  and	  cumulative	  precipitation	  minus	  ET	  (∑P-­‐ET)	  are	  shown.	  	  ET	  is	  calculated	  
from	  the	  energy	  balance,	  and	  the	  initial	  water	  level	  is	  used	  as	  a	  starting	  point	  for	  
∑(P-­‐ET)	  .	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Figure	  9.	  Scatterplot	  showing	  daily	  air	  temperature	  vs.	  water	  temperature	  for	  2009	  
April/May	  and	  September/October	  (AM/SO)(open	  blue	  squares),	  and	  2009	  
June/July/August	  (JJA)	  (solid	  blue	  squares).	  As	  well	  as	  2010	  AM/SO	  (open	  red	  
triangles)	  and	  2010	  JJA	  (solid	  red	  triangles).	  Linear	  regression	  equations	  and	  trend	  
lines	  and	  r2	  values	  are	  also	  shown	  for	  both	  years.	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Figure	  10.	  Mean	  diurnal	  cycle	  of:	  a)	  air	  temperature	  (˚C),	  b)	  wind	  speed	  (m	  s-­‐1),	  and	  
c)	  net	  radiation	  (W	  m-­‐2),	  as	  measured	  at	  the	  wetland	  site	  during	  April/May	  (AM),	  
June/July/August	  (JJA),	  and	  September/October	  (SO)	  of	  2010.	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Figure	  11.	  Daily	  air	  temperature	  difference	  for	  Phragmites	  –	  Native	  (a),	  and	  Air	  –	  
Canopy	  (b),	  for	  2009	  (blue)	  and	  2010	  (red).	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Figure	  12.	  Percent	  difference	  in	  wind	  speed	  for	  a)	  spatial	  variability	  between	  P.	  
australis	  and	  native	  portions	  of	  wetland	  for	  2009	  (blue)	  and	  2010	  (red),	  and	  b)	  
interannual	  variability	  between	  2009	  and	  2010	  for	  the	  native	  (blue)	  and	  P.	  australis	  
portion	  of	  the	  wetland.	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Figure	  13.	  	  June/July/August	  P.	  australis	  –	  Native	  meteorological	  station	  hourly	  
differences	  for	  daytime	  and	  nighttime	  for	  both	  2009	  and	  2010	  	  for	  a)	  wind	  speed	  
(m/s),	  b)	  relative	  humidity	  (%),	  and	  c)	  surface	  temperature	  (˚C).	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Figure	  14.	  2010	  5-­‐Day	  running	  mean	  incoming	  solar	  radiation	  (red),	  incoming	  
longwave	  radiation	  (black),	  net	  longwave	  radiation	  (green),	  and	  net	  radiation	  (blue)	  
over	  P.	  australis.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
!"##$
!%##$
#$
%##$
"##$
&##$
'##$
(##$
)*+!%#$ ,-.!%#$ /01!%#$ /02!%#$ )03!%#$ 45*!%#$ 678!%#$
!"
#$
"%
&'
()*
(+
,-
.(
958$:-;<-=>1$ ?17>@<13$4A$ 958$BA$ ?17>@<13$BA$
	  
104	  
	  
	  
 
Figure 15. 5-day running mean albedo in P. australis section of wetland, 2010 (red), 
2009 (blue) 
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Figure	  16.	  5-­‐Day	  running	  mean	  heat	  storage	  (W	  m-­‐2)	  for	  water	  (blue),	  upper	  soil	  
(red),	  deep	  soil	  (green)	  and	  the	  total	  storage	  (grey)	  at	  the	  P.	  australis	  site.	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Figure	  17.	  Ratio	  of	  daily	  heat	  storage	  rate	  and	  net	  radiation	  with	  linear	  trend	  line	  fit	  
for	  2010	  growing	  season.	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Figure	  18.	  5-­‐Day	  running	  mean	  canopy	  heat	  storage	  (W	  m-­‐2)	  for	  2009	  (blue)	  and	  
2010	  (red).	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Figure	  19.	  Cumulative	  daily	  water	  heat	  storage	  for	  growing	  season,	  2009	  (blue)	  and	  
2010	  (red).	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Figure	  20.	  Diurnal	  energy	  balance	  cycle	  for	  April/May	  (AM)	  for	  both	  a)	  2009,	  and	  b)	  
2010.	  Net	  radiation	  (blue),	  sensible	  heat	  flux	  (red),	  heat	  storage	  rate	  (purple)	  and	  
latent	  heat	  flux	  (green).	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Figure	  21.	  Diurnal	  energy	  balance	  cycle	  for	  June,	  July	  &	  August	  (JJA)	  for	  both	  a)	  
2009,	  and	  b)	  2010.	  Net	  radiation	  (blue),	  sensible	  heat	  flux	  (red),	  heat	  storage	  rate	  
(purple)	  and	  latent	  heat	  flux	  (green).	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Figure	  22.	  Diurnal	  energy	  balance	  cycle	  for	  September/October	  (SO)	  for	  both	  a)	  
2009,	  and	  b)	  2010.	  Net	  radiation	  (blue),	  sensible	  heat	  flux	  (red),	  heat	  storage	  rate	  
(purple)	  and	  latent	  heat	  flux	  (green).	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Figure	  23.	  5-­‐Day	  running	  mean	  sensible	  heat	  flux	  for	  2009	  (blue)	  and	  2010	  (red).	  
Red	  and	  blue	  shaded	  lines	  represent	  uncertainty	  bounds	  for	  sensible	  heat	  flux.	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Figure	  24.	  5-­‐Day	  running	  mean	  latent	  heat	  flux	  (W	  m-­‐2)	  for	  2009	  (blue)	  and	  2010	  
(red).	  Red	  and	  blue	  shaded	  lines	  represent	  uncertainty	  bounds	  for	  latent	  heat	  flux.	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Figure	  25.	  Cumulative	  daily	  rates	  of	  a)	  sensible	  heat	  flux	  and	  b)	  latent	  heat	  flux	  in	  
(MJ/m2)	  and	  (mm)	  for	  2009	  (blue)	  and	  2010	  (red).	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Figure	  26.	  2010	  5-­‐day	  running	  means	  for	  net	  radiation	  (blue),	  latent	  heat	  flux	  
(green),	  sensible	  heat	  flux	  (red)	  and	  heat	  storage	  rate	  (purple).	  Shaded	  green	  (red)	  
lines	  denote	  uncertainty	  bounds	  for	  latent	  (sensible)	  heat	  flux.	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Figure	  27.	  Photosynthesis	  (Amax),	  dark	  respiration	  (Rd),	  transpiration	  (E),	  stomatal	  
conductance	  (gs),	  water	  use	  efficiency	  (WUE),	  and	  Ci/Ca	  rates	  as	  a	  function	  of	  
temperature	  in	  fertilized	  and	  non-­‐fertilized,	  native	  and	  non-­‐native	  	  Phragmites	  
australis	  plants	  under	  greenhouse	  conditions.	  An	  asterisk	  (*)	  indicates	  significant	  
differences	  (P<0.05)	  between	  varieties	  and	  fertilization	  treatment	  within	  a	  
temperature	  treatment.	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Figure	  28.	  Maximum	  photochemical	  efficiency	  of	  photosystem	  II	  (Fv/Fm),	  quantum	  
yield	  (Φ),	  maximum	  carboxylation	  velocity	  (Vcmax),	  and	  maximum	  rate	  of	  electron	  
transport	  (Jmax),	  as	  a	  function	  of	  temperature	  in	  fertilized	  and	  non-­‐fertilized,	  native	  
and	  non-­‐native	  	  Phragmites	  Australis	  plants	  under	  greenhouse	  conditions.	  An	  
asterisk	  (*)	  indicates	  significant	  differences	  (P<0.05)	  between	  varieties	  and	  
fertilization	  treatment	  within	  a	  temperature	  treatment.	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Figure	  29.	  Carbon	  isotope	  ratio	  (C13δ),	  leaf	  N	  content,	  specific	  leaf	  area	  (SLA)	  and	  
photosynthetic	  nitrogen	  use	  efficiency	  (PNUE)	  in	  fertilized	  (F)	  and	  non-­‐fertilized	  
(NF),	  native	  (N)	  and	  invasive	  (I)	  Phragmites	  Australis	  plants	  under	  greenhouse	  
conditions.	  Means	  with	  similar	  letters	  are	  not	  statistically	  significant	  at	  P<0.05.	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Figure	  30.	  Carbon	  isotope	  ratio	  (C13δ)	  as	  a	  function	  of	  water	  use	  efficiency	  (WUE),	  
in	  fertilized	  (F)	  and	  non-­‐fertilized	  (NF),	  native	  (N)	  and	  invasive	  (I)	  Phragmites	  
Australis	  plants	  under	  greenhouse	  conditions;	  y	  =	  -­‐30.5	  +	  0.28x	  (R²	  0.91;	  P<0.05).	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Figure 31. 2009 5-Day Running Mean values of a) latent heat flux (W m-2), b) sensible 
heat flux (W m-2), c) heat storage rate (W m-2), d) Bowen Ratio (H/LE), e) net radiation 
(W m-2), f) albedo. Observed (green) and modeled live P. australis (blue). 
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Figure 32. 2010 5-Day Running Mean values of a) latent heat flux (W m-2), b) sensible 
heat flux (W m-2), c) heat storage rate (W m-2), d) Bowen Ratio (H/LE), e) net radiation 
(W m-2), f) albedo. Observed (green) and modeled dead P. australis (blue). 
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 Figure 33. 2009 & 2010 5-Day Running Mean values of a) latent heat flux (W m-2), b) 
sensible heat flux (W m-2), c) heat storage rate (15-day running mean) (W m-2), d) Bowen 
Ratio (H/LE), e) net radiation (W m-2), f) albedo. Observed 2009 (dark blue), observed 
2010 (dark red), modeled 2009 live P. australis (light blue), modeled dead P. australis 
(light red). 
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Figure 34. 2009 5-Day Running Mean values of a) latent heat flux (W m-2), b) sensible 
heat flux (W m-2), c) evaporation (W m-2), d) transpiration (W m-2), e) net radiation (W 
m-2), f) albedo. Observed (green) modeled live P. australis with spraying (blue), modeled 
live P. australis without spraying (red). 
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Figure 35. Two year avg. (2009-2010) 5-Day Running Mean values of a) latent heat flux 
(W m-2), b) sensible heat flux (W m-2), c) evaporation (W m-2), d) transpiration (W m-2), 
e) heat storage rate (W m-2), f) Bowen Ratio (H/LE), g) net radiation (W m-2), h) albedo.  
Modeled live P. australis (blue), modeled dead P. australis  (red). 
	  
